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Editor’s Foreword 


Addison-Wesley’s Frontiers in Physics series has, since 1961, made it possible for 
leading physicists to communicate in coherent fashion their views of recent 
developments in the most exciting and active fields of physics—without 
having to devote the time and energy required to prepare a formal review or 
monograph. Indeed, throughout its nearly forty-year existence, the series has 
emphasized informality in both style and content, as well as pedagogical clari- 
ty. Over time, it was expected that these informal accounts would be replaced 
by more formal counterparts—textbooks or monographs—as the cutting-edge 
topics they treated gradually became integrated into the body of physics knowl- 
edge and reader interest dwindled. However, this has not proven to be the case 
for a number of the volumes in the series: Many works have remained in print 
on an on-demand basis, while others have such intrinsic value that the physics 
community has urged us to extend their life span. 

The Advanced Book Classics series has been designed to meet this demand. It 
will keep in print those volumes in Frontiers in Physics or its sister series, Lecture 
Notes and Supplements in Physics, that continue to provide a unique account of 
a topic of lasting interest. And through a sizable printing, these classics will be 
made available at a comparatively modest cost to the reader. 

These notes on Richard Feynman’s lectures at Caltech on the topic of pho- 
ton-hadron interactions, in which he developed his theory of partons, were first 
published some twenty-five years ago. As is the case with all of Feynman's lec- 
tures, the presentation in this work reflects his deep physical insight, the fresh- 
ness and originality of his approach to understanding physics, and his overall 
pedagogical wizardry. As a result, this volume will always be of fundamental 
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importance to anyone interested in understanding the development of quantum 
chromodynamics (QCD)—the theory of quarks and gluons—which explains 
hadron-hadron interactions at high energies. 


David Pines 
Urbana, Illinois 


December 1997 


Special Preface 


Many of us were first introduced to the concepts of the parton model from this book. At 
that time the competing view was one in which there were no elementary particles. Every 
particle was supposed to be a composite of every other particle. The ideas and concepts 
in this book have helped pave the way for our understanding of the constituent nature of 
hadrons which eventually led to the Quantum Chromodynamic (QCD) theory of quarks 
and gluons. As is true of most of Feynman’s books, the maximum benefit is obtained if 
one has previously studied the subject in some detail. Feynman’s unique perspective can 
best be appreciated by readers with a solid background in the subject. 

Although this book is almost 18 years old, it still is an excellent reference. It 
appears on the recommended reading list of all the current QCD books. The book provides 
a good understanding of the parton model from the man whoinventedit. In the“pre-QCD” 
or “naive” parton model the constituents within hadrons were assumed to be bounded in 
the transverse direction. The probability of finding a parton within a high momentum 
hadron with a large transverse momentum was assumed to fall like a Gaussian or an 
exponential. QCD tells us that this is not exactly true and gives a power law fall-off in the 
transverse momentum. Because of this, many “naive” parton model expectations are 
modified (in an important way) by logarithmic factors. Feynman used to laugh when his 
parton model was referred to as “naive,” and he would say, “At least I got it right up to 
logarithms.” We all miss Feynman very much and it is through books like this that his 
ideas live on. 


R.D. Field 
March, 1989 
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Vita 


Richard P. Feynman 

Bom in 1918 in Brooklyn, Richard P. Feynmanreceivedhis Ph.D. from Princeton in 1942. 
Despite his youth, he played an important part in the Manhattan Project at Los Alamos 
during World War II. Subsequently, he taught at Comell and at the California Institute 
of Technology. In 1965 he received the Nobel Prize in Physics, along with Sin-Itero 
Tomanaga and Julian Schwinger, for his work in quantum electrodynamics. 

Dr. Feynman won his Nobel Prize for successfully resolving problems with the 
theory of quantum electrodynamics. He also created a mathematical theory which 
accounts for the phenomenon of superfluidity in liquid helium. Thereafter, with Murray 
Gell-Mann, he did fundamental work in the area of weak interactions such as beta decay. 
In later years Feynman played a key role in the development of quark theory by putting 
forward his parton model of high energy proton collision processes. 

Beyond these achievements, Dr. Feynman introduced basic new computational 
techniques and notations into physics, above all, the ubiquitous Feynman diagrams which, 
perhaps more than any other formalism in recent scientific history, have changed the way 
in which basic physical processes are conceptualized and calculated. 

Feynman was a remarkably effective educator. Of all his numerous awards, he 
was especially proud of the Oersted Medal for Teaching which he won in 1972. The 
Feynman Lectures on Physics, originally published in 1963, were described by a reviewer 
in Scientific American as “tough, but nourishing and full of flavor. After 25 years it is the 
guide for teachers and for the best of beginning students.” In order to increase the 
understanding of physics among the lay public, Dr. Feynman wrote The Character of 
Physical Law and Q.E.D.: The Strange Theory of Light and Matter. He also authored a 
number of advanced publications that have become classic references and textbooks for 
researchers and students. 

Richard Feynman died on February 15, 1988. 
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Preface 


The most advanced course in graduate theoretical physics at Caltech is “Special Topics 
in Theoretical Physics.” Each year the professor chooses the topic with which he will deal. 
This year (1971-72), having just come back from the 1971 International Symposium on 
Electron and Photon Interactions at High Energies, held at Cornell University, my own 
interest in the subject was aroused, and I chose to analyze the various theoretical questions 
related to that conference. The lectures themselves became so extensive that the decision 
was made to put them into book form, with the thought that other people might also be 
interested. Thus, the report of the Cornell conference should be considered as a 
companion volume to these lecture notes. The references given here are far from 
complete, but a full list of references is given in the Proceedings of the Symposium, 
published by the Laboratory of Nuclear Studies, Cornell University, January 1972. 

The material is dealt with on an advanced level; for instance, knowledge of the 
theory of hadron-hadron interactions is assumed. I have tried to analyze in detail where 
we stand theoretically today. The treatment is somewhat uneven; for example, I should 
have liked to study the theory of the decay of the in more detail than I was able to do. 
On the other hand, there are long discussions of vector meson dominance and of deep 
inelastic scattering. The possible consequences of the parton model are fully discussed. 

Time did not permit me to complete the original plan which was to include the 
theory of weak interaction currents which are so closely related to electromagnetic 
currents. 

Many thanks must go to Arturo Cisneros who edited, corrected, and extended the 
lectures from my class notes. Without his effort, this book would not have been possible. 
I also wish to thank Mrs. Helen Tuck for typing the lecture notes. 


Richard P. Feynman 
Pasadena, California 
Summer 1972 
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Photon-Hadron 
Interactions 


General Theoretical Background 


Lecture 1 


One very powerful way of experimentally investigating the strongly 
interacting particles (hadrons) is to look at them, to probe them with a 
known particle; in particular the photon (no other is known as well). This 
permits a much finer control of variables, and probably decreases the 
theoretical complexity of the interactions. For example in an ordinary 
hadron-hadron collision like mp + mp we are hitting two unknowns together, 
and further, we can only vary the energy, we cannot vary the ae of the pion 
which must be m. In fact a "pion far off its mass shell" may be a 
meaningless - or at least highly complicated idea. On the other hand in 
y +p +p +7 we know the y is single and definite, and we can vary the i 
of the y by using virtual y's via, for example, electron scattering 
e+t+prertrptn. 

We are assuming that we do know the photon. QED has been checked so 
closely that we know that if the photon propagator were off by a factor of 
the form (1 - a/n! then A exceeds 4 or 5 GeV. The amplitudes are known 
to about 5% for a? as high as (1 cev)?. For the rest of this course we 


shall assume QED is exact. There is already evidence, as we shall see, that 
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in virtual photon-hadron collisions the photon acts normally (i.e., obeys 
QED expectations) up to A of 6 to 8 GeV. 

At any rate we shall suppose QED exact - where we mean by QED the standard 
interaction theory for electrons, muons and photons. Exact, but incomplete - 
for hadrons are charged and interact also with the QED system. We discuss 


first how we shall assume we can describe this interaction. 


Since e? is small it is natural to describe their interaction in a series 
of orders in e. One photon exchange, two photon exchange, etc. (It might 
be thought that to describe this coupling we shall have to have some detailed 
dynamical theory of the hadrons - ultimately, of course, yes - but some 
things can be said in general restricting the matrix elements whatever the 
underlying hadron dynamics - and it is these restrictions we seek in this 
lecture.) 

The no coupling case presents no problem. The factor giving the amplitude 
that a hadron system goes from an incoming state |n, in>, to an outgoing 


state <m, out| is: 


Son = <m, out | n, in> (1.1) 


The S matrix is the transformation matrix from the "in" representation to the 


"out" representation 


ES <n, in| = <m, out (1.2) 
n ™ 


The state |n, in> means a state which far in the past is asymptotically 
free stable hadrons (stable in strong interactions only, e.g. n° is "stable") 
described by momenta, and helicities all contained via the index n. The state 
m, out has the set of indices m with the same space of indices, but represents 
a state which in the future is asymptotically in situation m. 

Thus the S matrix is really the unit matrix but in a mixed representation, 
a different labeling for incoming and outgoing states. Supposing these states 


are all there are, conservation of probability requires 


+ k 
SS=1. (i.e., > (sv Sin = Sant (1.3) 


(In the special case that the state n represents a single stable particle the 


in and out states are the same). 
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First Order Coupling. 


The general coupling of electrons and hadrons is represented by the 


M m 
IV 
N n 


The electron-photon system goes from state N to M, the hadrons from n in to 


diagram: 


m out. We suppose the only interaction possible is by the exchange of a 


photon - and this photon is characterized by a polarization ų, momentum q: 


2 
amp = <ul 4) (a) | N> iei <m, out |J (a) |n, in> . (1.4) 


q 


That is to say (supposing we could measure the amplitude) we define in a given 


experiment the quantity 


JuD = <m, out |J @ ln, in> S (1.5) 


This is done by removing from the measured amplitude the known (by QED theory) 


factors 


att] j, (a) [N>= 4e t/q. 


It is then our first supposition that this quantity Jy Van depends 
only on the states m, n of the hadron system and only the virtual momentum 
q and polarization u of the virtual photon. 4 i depends in no way on how 
the photon was made (eg. whether by u's or electrons or on the angles and 


energies of the electron for fixed q and photon polarization). 


This is a strong assumption. It has been verified most completely for 
the case of proton form factor measurements, but is often assumed in checking 
equipment, comparing results from one lab to another etc. We assume it. 

We emphasize then that 4,64) is an experimentally defined quantity - 
definable in principle for all q. 

We find it convenient to define a new matrix J Urn defined in a 


non-mixed representation as 
JT Dkn = <k, in|J (a) |n, in> (1.6) 


so we now write 
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Jun, n” = Sak 4. Men (1.7) 


2 
To deal with this a little more abstractly, the quantity 4° ang can, in 
q 


QED be described as the matrix element (between the leptons) of an operator, 
the vector potential operator for the leptons a (9), all considered known 
and compatible by QED in any specific case. Thus the first order interaction 


is described by the matrix 
1+ if aca) J,() da + higher order. 


The 1 comes from the zero order (where we saw the S matrix is really the 
unit matrix in an unmixed representation). 


* 
Unitarity requires to first order (at = a(-q) transpose) 
+ + 
a-af ata tq dat) att fa@s@ aan -1 0.8) 


or, since a, (q) is arbitrary, J$ =J. J, is hermitian. Since all q are 


u 


available we can define Fourier Transforms 
J, Gx, yzt)= fete J% dq/(2n)4 


(and for a,/space). 


Thus the coupling is 


fam JQ) dt}. 


Lecture 2 


Conservation of Current. 

You may, if you wish simply assume Vid, = 0, conservation of current for 
hadrons, or else note the following discussion. 

It is not, strictly, true that J, from Eq. (1.5) can be completely 
obtained from experiment. That is because a (q) is not completely arbitrary. 
When it comes from the usual diagram rules it always satisfies 4,4, (4) = 0. 


Thus one component of a, (the one in direction 4,) is always missing (unless 


General Theoretical Background 


ae = 0) and thus one component of Jp the component in the direction ay is 
missing. We finish the definition of J, by choosing a7, = 0. 

This we do in the following way. First, for ae = 0, a free proton of 
polarization ej the coupling ise J (q) - but for a free photon e is undefined - 
to it could be added aq, e = e + aqy) any a. This can make no effect so 
our consistency with QED demands oa = 0 at least when a? =0. This is a 
physical property a must satisfy. If it is not true for general a redefine 
a new J to replace the old via Iy = J - a, (3,70. Evidently 
re = 0, and no new pole at q? = 0 is introduced by the new 1/4? term for 
its numerator GUGA vanishes at a = 0. 

What of other restrictions on JQ)? These we wish to find. For example 
since it is a local operator field theory suggests that if hadrons are governed 
by an underlying field theory then bm. 3,0] = 0 if 1 and 2 are space 
like separated (symbolized by 1 e2 ). If you wish you may assume this - 
but it is very interesting that we can prove it from our assumption that the 
strong system interacts with QED (subject to systematic errors in proof due 
to tacit assumptions. This may not be an important point but it is interesting 


so I will waste your time by proving it). 


2nd Order Coupling. 


This is via diagrams of the type whose amplitude depends on a computable 


Leptons eat Hadrons 


factor from the leptons* times a matrix element depending on the two momenta 
and polarizations of the two virtual photons -1/2 Viy (C q2). As defined 
this is symmetrical in 41 > qyp uv, for Bose statistics among photons 
does not permit us to distinguish the photons so no other function can be 
experimentally defined. Using an unmixed representation, and coordinate 


space (via double Fourier transform) we can represent this amplitude as 


-3f fis E D O D} gan ay. (2.1) 


* bs 
In part I of this course "leptons" will mean e”, et, uy ths only. 
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The contribution from the QED lepton side can be figured for each diagram, 
and can, as shown in QED theory, be generally written as the matrix element 
(between in and out photon-lepton states) of the time ordered product of the 
operator a 0) and a (2) (symbolized by{}p- Since arbitrary a(l)a(2) can 
be made v is experimentally defined. 

I wish now to prove a number of things, so it will be more convenient 


to restrict the integral to ti > ty and write this and the first two orders as 


T=l-i fw a, dt, - i J Viv (1, 2) a (1) a (2) dt, dt, (2.2) 


t>? t, 


Evidently one can write an entire series of functions to ever increasing 


order. 


Unitarity 2nd Order. 


This gives the restriction (using at = a) 


i f J0 J (2) a (1) a (2) dt} dry 


+ 
- v (1, 2) a (2) a (1) dt, dt, + 
= as ¥ X 1 2 rt 


Š f Í Vu (ly 2 a (1) a (2) dry dt, = 0 (2.3) 
ti > to 


obtained by writing Tr = 1 and expanding to 2nd order. The 2nd integral 


is over all ty, ty. It can be split into a part t? ty and a part t<t 


in the latter relable variables 1, 2 (and u, v) to get 


1 


+ 
ee [sa J (2) - vay qa, 2» a (1) a (2) dt, dty 


+ z 
+ ak Je o J, - Viv qa, 2| a (2) a (1) dt, dt, 0 (2.4) 


Now, if we could assume that within the range of possible QED states arbitrary 
values for a 0) a (2) can be generated (which is true) and also independently 


for a (2) a Q) (which is false) we could conclude that 
= 2.5 
es a, 2) J) J, (2) for t, > ty (2.5) 


But outside the light cone for example po, a] = 0 so the two products 


are not independent, they are equal. To proceed therefore more carefully 
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write 
a (2) a (1) = a () a (2) + [.@. aco | 


to get 


+ 
Ni) Le JQ) + 3,@) 3.) - VG, 2) - Va, Daw a (2) dt, dt, 


+ E [O O - 4, L, 2] [a@, a,c] dt, dt, = 0 (2.6) 
Pin 62 


Now the first factor must vanish, for we could take the case that a(2), a(l) 
commute first (for example one photon from an electron, another from a muon in 


lowest order) hence we surely always must have 


+ 
JQ) J (2) + J (2) JQ) = Viva 2) + vie (1, 2) (2.7) 


determining the real part of Viv 2). In addition in general we must have 


(taking adjoint of last term) 


a [n0 JQ) = Vy Gls 2» [a 0, a0] dty dt, = 0 (2.8) 


The commutator is zero outside the light cone. Inside I believe we can make 
it arbitrary (although some little further study of special cases is necessary 


to verify this) hence we deduce 


Viy 2) = JQ) JQ) if x (2.9) 


l is in forward light cone of 2. 

We have almost proved Eq. (2.5) but not for any ty > ts only for ti 
inside the light cone of 2. The difference is very important because 
Eq. (2.5), to be relativistically invariant requires [@, so] = 
outside the light cone. Eq. (2.5) also is natural if hadrons come from any 


underlying field theory, for then our picture of coupling if ty > t can 


Leptons Hadrons 


-= Cut 


be cut at a t between ty and t,; 


1 the first coupling is JQ) and the second 
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is J,@), so we get the product. But one may be averse to assuming that 
strong interactions can be described by a complete set of states (and that the 
complete set can be taken as Jn, in> ) at any arbitrary time. Nevertheless 
if we continue our study of the requirements for consistency with QED to 


4th order we can do it. 


Proof 

This point is not important, but we do include the proof for completeness. 
If (2.5) were right then T would be {exp - fao a (1) ay}y . In general 
it is some polynomial in a (1), {a,(2) a D} ; f a (2) a (3)} q ete. 
(From now on we omit the polarization indices - they always go in an obvious 
way with the position indices). The first order is made to agree with JQ) 
so in general we can write (U(12) represents the deviation of V(12) from 
J(1) J(2)) for t > ty) 


T=e 


-1 f3, a (1) dt} f 


1+1 lf UG, 2) a(1) a(2) 
ty > t2 


+ f ji fva 2 3) a(1) a(2) a(3) 
ty > t2 2 t3 


pel 


ty zt, 2ty2e 


fra 23 4) a(1) a(2) a(3) a(4) + a] (2.10) 
4 

+ 
Now in forming T T to check unitarity the exp -ifsa factors go out. To 2nd 
and 4th order in a the U (1 2 3) term does not enter. To second order we have 


-fita 2) a(2)-a(1) +f 2) a(1) a(2) = 0 
el 


so we conclude U is hermitian ut = U everywhere, and U(1 2) = 0 if X 2 
as before. 
Now in 4th order we have 


fta 2 34) a(4) a(3) a(2) a(1) + ha 2 3 4) a(1) a(2) a(3) a(4) 
t, > t,>t,>?>t t, >t, > t,>t 


1 2 3 4 1 2 3 4 

+fus 6) U(7 8) a(5) a(6) a(7) a(8) = 0 (2.11) 
ts > te 

t,>¢t 


General Theoretical Background 


In the last integral we have t, > t, and ty > tg but no particular relation 


5 6 


of t, and t, there are 6 relative orders. We replace in each the variables 


5 7 
via tj» to» t3» ty in that order 


Toi A e 5. Dox 
2./6 . A sT 5 
Fn; =a 6. 8 6 
4. . 8 8 6. 


The last term gives 


U(12) U(34) a(1) a(2) a(3) a(4) : ABCD 


U(13) U(24) a(1) a(3) a(2) a(4) 


a 
wo 
im] 


U(14) U(23) a(1) a(4) a(2) a(3) : ADBC 
Uu(23) U(14) a(2) a(3) a(1) a(4) : BCAD 
U(24) U(13) a(2) a(4) a(1) a(3) BDAC 


U(34) U(12) a(3) a(4) a(1) a(2) CDAB 


and the first term is 


u*(1 2.3 4) pcBa = [b, ¢]Ba + c[D, BJA 


+ [B, A]cp + asco 


a - 7 . 7 call a(l 

5°34 . 8 a(2 

z . 8 5. a(3 

. 8 6. 6. a(4 
= ABCD 


= a[c, B]D + asco 


= A[D, B]c + aB[D, C] + ABCD 


alc, ajo + (B, Alco + asco 


ch, ajs + [6 A] DB + ac[D, B] + 


+ a[C, B]D + ABCD 


+ coB, J+ E dant af, go + 


) =A 
)=B 
)=Cc 
) =D. 


B[pD, ajc + [B, A]Dc + AB[D, c) + asco 


(2.12) 


(2.13) 


Now we get many obvious relations. For example the coefficient of ABCD must 


be zero (take case all 4 potentials commute). We believe that the vector 


potential a is an arbitrary function of space and time. We can therefore 


choose it to be different from zero only in four small regions of space time 


around the points 1, 2,3 and 4; call these regions Os Fs Oy Oy For 


our special interest here take the case that the variables have the following 


light cone properties 


G. c]=0 = G, 8] 
B, voJ-0-[, c 
Only L, c] and (a, D) 40 
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1 is outside the light cone of 2, 3 is outside the light cone of 4. Omitting 
the ABCD term which we noted was independently zero and collecting what is 


left in this case we get 


[fff {ita 2s o{[e, jan + cab, àJ} 


aa 4 
+ U(13) u(24) [C, B]AD 


+ u(24) u(13) DD, A]Bc 
+ u(34) vaz, A}ea + E, Ja)) dt, dt, dt} dt, (2.14) 


Only the third term needs to be turned around to b, Alcs + D, A] B, c] then 
all the terms are coefficients of E, B) aD or CB D, a] and must all vanish. 


But ultimately we are left with U(24) U(13) D, A] B, c] or finally 
f f f J U(24) U(13) | a(2), aca) . fw, ac dt, dt, dt, dt, =o. 
Sitar 
(2.15) 


Since the commutators are sufficiently general, I think we can conclude the 
integral will be zero only if the integrand is and U(13) = 0 even if 1 is 


outside the light cone of 3. 


End of Proof 


We can therefore conclude 


vy (1, 2) = J,@) J (2) for t? tye (2.16) 


In the proofs of (2.9) and (2.16) we have assumed that a(x), tı) and 
RGE t1)» a(X,, t,)] are sufficiently general functions of 1 and 2 (when 
2 is in the light cone of 1). We believe this to be true. It is left to 
those interested in more rigorous proofs to verify this, for example by 


trying to construct a basis. 


Lecture 3 


We found in the previous lecture 


Vivl 2) = JQ) J (2) for t} > ty (3.1) 


General Theoretical Background 


furthermore 


fo. Lo] = 0 for N ze (3.2) 


This means the original symmetric Vis 2) can be written 
4 
Vids 2) = J, (1) J (2) T + seagulls „ő (1-2) . (3.3) 


The last term comes because there could be a S(t, - t3) term, or by relativity 
a 8t a-2) term or gradients thereof--leading to just a constant or polynomial 
under Fourier transform. 

These seagull terms would mean that the abstract form for T would be like 

Ma (fi, 0a, aver + fs, Da, Da, aar, Fre 

T 

thus adding a local term at one space time point, but second order in a(l) 
as appears in QED for the interaction with a scalar particle, for example. 
Of course, instead it could contain gradients, as Fu D F for example. 
There can be higher terms for higher orders. In short what we have found is 
that T must be expressible in the form T = enft [Laer] a where L(1) is 
an operator depending on a(l) only, for example of form JQ) a) + 
+8) a (1) a (1) +... where J, S are operators in the hadron 
variables. Such a form is of course, also, the immediate result of 


supposing a local field theory for hadrons. 


Research Problem 

What experiments could best establish existence or non-existence 
of seagulls? 

In QED for spin 1/2 there is no seagull, for spin O there is (but 
with Kemmer Duffin matrices there is not — resolve this!) Since all 
quantities are defined by experiment the reality of such seagulls for 
hadrons is an experimentally determinable fact. 

Thus we see a knowledge of matrix elements of J, alone should determine 
all scattering amplitudes V. 

The restriction (3.2) on the matrix elements of J, are very important. 
They lead to many relations--dispersion relations for example. We return to 


this subject later when we discuss deep inelastic ep scattering. There are 


14 Photon-Hadron Interactions 


some special technical difficulties coming from the highly divergent nature 
of some of these expressions so mathematical rigor requires a little more 
attention. In practice they give trouble only in the vacuum expectation 

(of, for example Viv and in no other problem and so they can be avoided best 
by disregarding them. (They have been analyzed by Schwinger, and are called 


trivial Schwinger terms). 


Conservation of Current 

We suppose now that current is conserved in the more conventional sense 
that we will take it to be true that quantum electrodynamics cannot determine 
a) completely, but a gradient a ()) bah x(1) (x(1) is an arbitrary function, 
not an operator) can be added to it (i.e. if a different gauge were used in 


the lepton theory) without altering the physics. Thus tE] TE +x] 80 


1 
1-4 f 3,0) a) dr, - 3 f Ya fw 2} dt, dt, + 0, 


e1-afa K +¥, ca) at, - Ff Ywa {he + 


axa) (o TORR (3.4) 
or to first order in x 
LASS) =0 (3.5) 
vv iG, 2) <0 (3.6) ete. 


Equation (3.5) we have already discussed; (3.6) gives something new. Using (3.3) 


4 


L Viv 2) = vy, J, (1) J, (2) + vo seagulls 6 (1, 2) 


T 


but 


WG) OP = WIM 1p = 0 


by equation (3.5; except that ¥ does not commute with the time ordering 


operation in 
ho I = Oleta) FC) I (2) + lemt) Jy) J). 


We have also to differentiate the 0 with respect tot. Thus when u = 0, 


General Theoretical Background 


we get from this an extra term 
6(ty-t)) |I 0), 1,02] ; 
the equal time comutator of J) and J (2). Thus in general 


ya Viv 2) = bao, J) + 8(ty-to) Ig, 3,0] + 
4 
+ v, seagulls 6 (1-2) 
In our application this leads to 
J a 
8(ty-ty) J,(Q), o) = =V seagulls ô (x, x5) 6(ty to) 
Ja = 
or [2.0, yo). pn = svi seagulls 6 (x, -x,) (3.7) 
1 2 

Actually I have simplified the discussion of the seagulls, for gradients also 
appear on the 6a, 2), but the point we want to make is that the equal time 
commutator of charge density and current is determined by seagulls. In 
particular, if as many people (e.g. Gell-Mann) have suggested seagulls vanish 
(by analogy to QED where the coupling is purely f JA Y vat to a spin 1/2 field 
there are no seagull diagrams) we would have 


[a so] 2 =0 (3.8) 
1 2 


15 


we have no direct test of this yet (although we do have tests of V, Vivl 2) = 0). 


Remark 
Schwinger has pointed out that (3.8) is impossible. Because if Jo =p 


and J, = 1, 2, 3 is written on the vector Jit says 


[oap, 3Gp) =0 


Therefore taking divergence [pgp v, . IG) = 0 or [v 2e ap] =0 
because Ẹ-: j= æ . But æ is the operator Hp-pH where H is the 
Hamiltonian of the system (assuming there is one—generally the energy of 


state operator) or 
pHp ~- ppH = 0 


Now take the vacuum expectation value. Let the energy of the intermediate 
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state n be En, we have 


FC onFnPno ~ Pon?noXo? =0, 


but p =. o™ and if the vacuum is the lowest state we must have E. - E_> 0 sọ 
on no n o 


2 2 
T(E, - Eo) lo |“ =0 


n 


no 


which is impossible. 

But this argument applies as well to QED itself where we know we have no 
seagulls in the original field operator for the lagrangian. It comes because 
we do not really compare this formal field theory directly to experiment but 
remove some divergent vacuum diagrams at the beginning. This problem appears 
entirely associated with the vacuum problem and could be removed. We can indeed 
have the analogy of QED; 'no seagulls' and have equation (3.8) satisfied for 
every problem except the vacuum. The precise statement is that (3.8) holds 
if from the commutator you subtract its vacuum expectation value times a unit 


matrix. 


Lecture 4 


Isotopic Spin, Strangeness, Generalized Currents 


The hadronic states n, m of a matrix element of Ti such as <a] J |n> 
can be classified into definite nondynamical quantum numbers of isospin and 
strangeness (both of which, we assume, are perfectly conserved by the strongly 
interacting system above). The J matrix may have elements between different 
values of the quantum numbers, but it must of course conserve charge. 
From the very low rate of Ko + 1° + y or A+ y +n (although >n y is 
fast enough) we conclude that weak interactions are involved here, Thus we 
think J has zero matrix elements between states of different strangeness. 
Among sets of different isospin we can describe the result by saying J has 
parts of I spin = 0 (isoscalar), I = 1 (isovector), I = 2 (isotensor) etc. 
and use appropriate Clebsch Gordan coefficients to relate amplitudes among 
different multiplets. Since J does not change charge it must only involve 


the 3rd component, if it is isovector for example. The fact that proton and 
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neutron have charges + 1, 0 already shows that J is not pure isoscalar 
independent of isospin, nor pure isovector (where the charges would have to be 
opposite) but contains a linear combination of these two. No experiment seems 
to require I = 2, but I do not know how precisely or extensively this has been 
tested. Recently some evidence was claimed for the need of an I = 2 component 
in comparing yp ~+ n*N and yN + 7 pat energies near the A resonance--but it 
appears that corrections for deuteron structure (for the y neutron rate is 
inferred from yD data) were incorrectly analyzed. 

Most theorists today assume AI = 0 or AI = 1 only for Jy (This is 
evidently a fundamental question because it tells something of how J is 
"ultimately" coupled; for further strong interactions conserving I-spin 
cannot alter this rule--we see "in" through the strong dynamic coupling in 
this respect at least because the strong coupling conserves this I spin 
character, ) 

Having available matrix elements <m|3 [n> for a variety of states n (and m) 
all of the same I-spin multiplet permits one by appropriate linear combination 
always to isolate the pieces due to the isoscalar and isovector part separately. 
Thus we can define matrix elements and therefore operators for Bq) and Va. 
But for the vector we could also calculate (via Clebsch Gordan coefficients) 
matrix elements between specific states of other components of the vector 
current MC) or NCY (with isospin +1 or ~1). In this way new kinds of 


currents are definable. 


This would just be an exercise in Clebsch Gordan coefficients, but we 
think some of these currents are physically important also. We think the 
current ra) is the nonstrangeness changing nonparity violating part of 
weak interaction (an assumption known as CVC). This leads to a suggestion 
by which these extensions of current are useful in a powerful theoretical way 


(Gell-Mann). 


That QED is coupled to Jy» or weak interaction to il is (in our point 
of view in these lectures)akind of accident irrelevant to strong interactions. 
They just lead us to a tool to study hadrons, but hadron interactions can be 
analyzed alone. Nevertheless we deduced a number of relations from assuming 


either that these currents come from some operator in a field theory underlying 
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hadrons, or that hadrons are such that weak perturbation fields could be coupled 
(we will use the latter hypothesis). We can expect, for any two points and 
components of current a) and Po that they commute if 1, 2 are space 


like separated 


Exee 20] =0. 4f Xe (4.1) 


This is a new assumption. We are trying to induce new laws and restrictions 
on J and the hadron system, We know yw. 3,0] = 0 for 2X »1 where J, 
our electromagnetic current, is an isovector and isoscalar. Using isospin only 
how far is it possible to go to prove say that the isovector part, or the 
[tw, to) etc. commute? In the realm of isospin what we assume here is that 
the space-like commutation law is true not only for the total current 
JŠ + v3 but also for the isoscalar part alone with itself, the isovector 
part alone with itself, the isoscalar part with the isovector part and 
generalizations for the isovector part with different I spin component 
directions. 

We can also have the scattering of an imaginary a-type vector "photon" 


to a b-type photon governed by 


b 
vals 2). 
That is, extend the concept of vector potential a (1) to contain another 


index a, the type, carrying for example isospin or strangeness. Then the coupling 


to external potentials could be 


Tel-t fea an (1) dt, -F [fv va 2) fas (1) a bah dt, dt) +... 


ab <4 (4.2) 


Thus vay (ls 2) = ROO + seagulls iy (1-2) 


y (4.3) 


Conservation of Generalized Currents 

We want the conservation laws analogous to ava 2) = 0. Take first 
the case if I spin which we know is exactly conserved. Consider the scattering 
of an I = 1 particle via D The charge of the final state is one higher 


than the initial, so 


[e y J“ *a)] = vr) (4.4) 


General Theoretical Background 
But Q = [rpm ax so 
v =, 32 V+ 2 + - 
[Sie X) d'k, Jy (tjs X) ] MCTRE) 
- [v -— v - 
= far [23 Ce Pack Con a] (4.5) 
but the last, equal time commutator is by hypothesis (4.1) zero outside the 


light cone—it must be a multiple of 59 (K-R"), say s (x)62(H-x'). Equation (4.1) 


shows s must be CO Hence the equal time commutation relation results, 
V3 £ V+ -J « e3¢c zy - 
[3° (ty, x), J, (ty, x,)| 6 (x, X3) J (ty, x,) (4.6) 


(this assumes there are no special terms in bx, X») which would integrate 
out, a question we shall see related to seagulls again). 

Equation (4.6) and its generalization to the much wider group SU, x SU, 
are Gell-Mann's equal time commutator relations. They represent the first 
guessed dynamical property of hadrons that is not simply a consequence of 
relativistic quantum mechanics general principles. 

We can also describe this from the point of view of a property of the 
scattering function aes Take the case one potential is + isospin, the 
other Iz. Since current is conserved you might at first think Va vt (1, 2) =0, 
but the error is that the potential v, 2 carries in a charge +. So only if the 


electromagnetic potential (coupling 3) also couples to the + meson is charge 


conserved. E.g. diagrams are like 
a 
| peat I vy | Y 


Their sum conserves charge, and if the photon had polarization ei = aq, 


proportional to its own momentum the sum would give zero. vera, 2) is just 
the sum of the first two, the last one is easily computable and is clearly a 
first order hadronic matrix element of a current dys in this case st itself. 


Thus one can easily show that 
Vs) =0 (Just by I-spin from¥ J2(1) = 0 
wu y R uu 
3+ 4 + 
Y Viv 2) = 6 (1-2) J (2) ° (4.7) 


As we shall show in a moment (4.7) is equivalent to (4.6) if no seagulls exist; 


if they do exist (4.7) is true but (4.6) has to be modified. (4.7) is the 
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more fundamental relation. 
To show the relation of (4.7) to (4.6) we substitute (4.3) into (4.7). 
ee oe 
viko, J (2) z z 
TPD, Pah + s-t) [I E, z), #2 (4.8) 
uu >y l1 2 Ory E 
T tet 
1 2 
so writing 6t 0-2) on the right side of (4.7) or 6(t,-t,) 5? (k -x,) we obtain 


the result (4.6) since v =0. In general seagull terms must be added, but 


we do not know if they exist. 


The generalization to a general Lie group with generators G? with 


commutation relation LÊ, @) = E (= cab by definition) (axb) , = fi 
is 
a 
V5, 0 (4.9) 
ab 4 axb 
Vait 2) = 6°(1-2) J 0) (4.10) 


These may be obtained from noting that the generalization of a gauge transformation 
' + a ay ay a 
a, > a vx is, in the group ay > a vx (x x ap) Supposing TH is 


unchanged by such a transformation we find 
T Loy + xx al = Th) 
ut 


as a functional relation—or calling 6T/éa(1) the functional derivative one 


easily deduces 
J [ho + x(1) x a] 6T/éa(1) dt, = 0 
for all y(1), so integrating by parts we have 


VT /6a"(1) = a (1)x 6T/ba, (1) . (4.11) 


When T is written in a power series in a (4.2) and is substituted into (4.11), 
zero and first order terms give (4.9) and (4.10). 

Since isospin is exactly conserved (4.9), (4.10) must be exactly satisfied 
when restricted to the three spin components of vector currents. What of 
SU, which is only "almost" satisfied? Gell-Mann has proposed that SU}, although 


not exactly satisfied for the entire hadronic system may be more and more 
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accurately satisfied as shorter and shorter space-time intervals are involved. 
That is how it would behave if an underlying field theory had propagator 
gradient terms satisfying SU, but mass-like terms violating SU. (E.g. q y q+ 
+ qmq where m is a nonsU, invariant matrix, q are quark operators). If Bie 

is a strangeness changing current, having for example a matrix element between 
A, N then vD ý 0 because A, N have different pisas (If A, N at rest 
AlI yzl? = 0, <A| J2 |N> = a say, therefore <A| 5-2 | N> - <AlUrJ|N> = (w,-wy)a 
cannot be zero.) That is GARD) is equivalent to another operator, say 


n7(1). Then 


ab a b a b 
Viiv 2) = 6(t,-t,) [è +] tat + (n (1) J (2 (4.12) 
1 2 T 
Now the latter presumably does not contain a singularity as strong as 0-2) 


but if SU, is valid at small enough distances~—let us say the 41-2) singularity 


of UVa is correctly given by (4.10). Thus we say 


vv, 2) = s*(1-2) 38*P(2) + "smooth" (4.13) 


where "smooth" is less singular than 6“(1-2). Then we can still deduce the 
equal time commutator relations under the above assumptions of smoothness of 
the su, violating term. Equating the singular terms in (4.12) and (4.12) 


we find 


ab 3,- - axb 
[s s] te = 6 (x, -x,) Jy (2) (4.14) 
1 2 


(seagull terms have been ignored). 

These relations are of very great interest because they are nonlinear 
requiring absolute scales. Thus (if valid) they can serve as supplying 
absolute scale definitions to the currents so that the rule that weak 
interaction of hadrons is V + A (rather than V - .7A) is definable and 
therefore testable. This particular test has been made by Adler and 
Weisberger using PCAC to take the pion coupling as a measure of the divergence 
of the axial current. We discuss how somewhat more direct tests can be made 


by neutrino scattering later on in the course (in Part II). 


Singularities on the Light Cone 
The commutator byw. 3, 29] is zero if 1 is outside the light cone of 
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2, nonzero inside. What kind of singularity does it have just passing 
through, or near the light cone. For free fields of any mass in field 

theory the commutator has a 6(82,) type singularity across the cone. There 

is experimental evidence from inelastic scattering experiments of electrons 

on protons that the singularity of [p ®. 3,2)| is of the same type 
(gradients of) 6(s7,) where 819 is the interval from 1 to 2. We shall discuss 
this matter in considerable detail where we discuss these experiments. At this 
time we shall also develop further other formal properties of the commutator 
or time ordered products of Iy operators. These matters will therefore be 


deferred until later, for I find them easier to discuss when certain 


experiments are in mind. 


Vacuum Expectation of V (l, 2) 


In order, however, not to leave this theoretical discussion entirely 
in the air, I shall illustrate one application of it--the simplest, the vacuum 
expectation of Viy 2). This is a function only of the difference 1 - 2. 
Its fourier transform, into variable q--which we will call Viv @ is needed, 
for example, to calculate vacuum polarization corrections (to order e?) due 


to hadrons. It represents the diagram 
Hadrons 


—n~Cere 


If we write in momentum space <o|v (a, q)|0> = 74,4, v(a?) + IC) (by 
relativistic invariance, gauge invariance implies b = av or we have 


2 2 
<O|V (-a, a)/0> = CS ya - apay) via"). (4.15) 


If we write (Gy - “yb we see b must go to zero as q + 0 in order to avoid 


q 
a new pole at a = 0. Acting on conserved currents the last term vanishes. 


The series of bubbles propagating between two currents is 


e po poo 


2 2 2 
bkin i2 4 i 2 4 i 
: s, aeti y i s, + s, dre! i, q 254) sett y i s, + s, ane ay ze ay ze s, 
q q q q q q 
= hne? s l s, (4.16) 


: q2(1-4ne“iv(q’)) 


General Theoretical Background 


We note there is no mass renormalization of the photon, the pole is still at 


2 
a = 0, but the residue is altered to ie 
l-4re ia 


turn out infinite) is lost in charge renormalization. If we start expanding 


where a = v(0) (which may 


near a = 0 to get v(a?) sat au, we can write the renormalized propagator 


to first order in e? as 


1 
(q2-4ne“ibq*) 
so ne? ib measures the vacuum polarization correction due to hadrons in such 
predominantly low energy QED problems as the Lamb Shift etc. 
The imaginary part of v(q’) for a > 0 is the "virtual photon lifetime" 
and gives the rate of production of hadrons in (say) an electron-position 
collision. Because the imaginary part of the amplitude represents a loss in 


probability that a photon remains a photon 


rye t Uwe =l bne*iv(q7) i.e. Prob. = 1 + Grei (v-v") 


It is therefore directly accessible to experiment. The real part is related 
to the imaginary part by a dispersion relation. Therefore hadronic vacuum 
polarization effects (to ordere*) could be completely determined after suitable 


experiments are done. We will discuss this matter in detail in the next lecture. 


Lecture 5 


et te > Any Hadrons 
Consider the process et + e` > hadrons in state m out. It is governed 


by an amplitude 


Hadrons 


2 
zy t) a <m | J, Ca) [o> (5.1) 
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Hence the probability is proportional to 


|<m,. 19, (4) |0>|? = <o|J, (-4) |, ><m | 3, (4) |o> 


> 
out out 


Thus if we could measure the total cross section for et + e + hadrons in any 


state as a function of the energy E of the electron or position in the case 
2 


= 2 
(a, = 2E, Ñ = 0, q° = 4E“) we can directly measure Im t <0|J (-a) lm ut? Bout I Ca) 10> 
E  <0|J (-q) |m ut? utl I a 10> = 
m out u out out v 
<0] J, (-a)J,, (a) [0> = Pv (4) (5.2) 


Relativity and gauge invariance permits us to write this in the form 

(a4, - V6.) e (ao) Pla) because we know that if % < 0 (the vacuum state 
being lowest) no hadron state Daut could be excited. Py = 0 for do $ 0. 
(In fact if Q, the space like momentum of q is nonzero, the lowest possible 
Dut state is a pair of pions with momentum Q hence Puy (@ = 0 unless 

q? 2v + Q°/4 or a > (2m)? and a? 0.) Thus p(q2) exists only for 

na > (2m). For example, pla) = 0 for a < 0, i.e., space like €. Further 
pla?) must be positive, for example if q = (CH 0, 0, 0) and the polarization 
of the virtual photon were x,the sum of absolute squares must be positive on 
the right hand side of (5.2). Therefore pla?) is positive for an > (2m,)”, 
zero if ar < (2m,)*. 


Therefore 


F.T. 
2 
<0| J, (1) 5), (2) |0> = <0| J, (-a)5,, (a) [0> = (a4, - 8 yd) 0(4g)P(@ ) (5.3) 


F.T 
ee 2 2 
<0] J, (2)J,, (1) [o> = <0| 5 (a) (-a) | = (a4, = ase Ye(-a,)p(q) (5.4) 


(F. T. stands for Fourier transform). 


Now we can work out the commutator and time ordered product. First the commutator 


<0||5(), 3,@2)||o> = (5.3)-(5.4) = (aa, - 6,4 )sen(a,)P (a). (5.5) 


Note this can be written as 


> 2-2, 2,2 
(aya, = Seela) $ f eap dan". (5.6) 
(2m5) 
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Therefore the vacuum expectation of the commutator in space is 


2 E 
Vua anD S jis" pia) + aD, (5.7) 
(2m) 
which is zero outside the light cone, because c™(1,2) is. It is interesting 


that the proof that the commutator vanishes outside the light cone, assuming 


relativity is so simple for the vacuum expectation. (At the end of these notes 
the commutator, propagator and their Fourier transforms are listed). To get 


the time ordered product we need 
<0] I 0I (2) A a a (2) + 1(ty-t,)J(2)J (1) 0> 


To get the F. T. we need a convolution with the F. T. of 8(t,-t,) 


+1(4,t-0,x) 3- 3:3,3 i 
@(t)e d`xdt = (27)`~6~ (Q) a 
+i(q t-Q x) 
a(-tie ° ° didt = (21) cae 
Therefore 


i 1 
F. T. OE] = a qane ean) 


1 ' tat 12 2 ' 
-—_— - - 6 ' = . 
407107 e( a) (aia) uvt )p (q Jda Un (a) (5.8) 


where q' means (CHE Q). First do the case u,v = t,t for then q' ia, - bya 


s CH =a Sed? and comes out of the integral. Then change the sign of 


4% in the second term integral to get 


F.T. i 2 
OIDI (D0 = S aye -SDS PDD a 


do men 
- et 4a} = V(O 
q,tay-te o (A *** 
The integral is just 
i 12 ')2q"dq! 1 
arf Pa e(q3)2adq, ——3z— > 
9974, +Le 


or changing variable from do to n - - =m get 


V e(a) = (a a, - 6.4 a f ao we -4S (5.9) 
tt tle T See pege +e tt 
where Sit is the F. T. of a possible seagull expectation in the vacuum. It 


must be a constant, or a finite polynomial in q, and must be real. We can 
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guess (generalizing uv from tt--however see note below) that writing 


= z 2 2 
Vy (® (q4,, ô qa) vq") we have, 


uV 
v(a’) = 5- ia plaan? -iS (5.10) 
(Qm, 2 q -m Zhi 


where S, at worst, is a finite polynomial in q; at best it is zero. Note the 


imaginary part of tv (q2) = $ p(q’) as previously remarked physically we can also 
write 


Im \iv(q") 
iv(q2) = apse@le: a dee BOS. o., (5.11) 


q -m tte 


This is a dispersion relation for v(q’), expressing v for all a in terms of 
its imaginary part (which in this -ase is (a) nonzero only for a > (2m,)?, (b) 
measurable by accessible experiments.) 
If o(s) is the cross section for annihilation of electron-positron into 
any hadrons where s is the total C.m. energy squared, we have o(s) = (4ne”)2p(e) /2 
so the vacuum polarization is given directly in terms of experiment by 
2.0/2 $ ” a(s)d 
arer fvta )- vo] -i sds ; (5.13) 
n(4ne™) ume s-q 
T 
The Lamb shift correction (or correction to the magnetic moment of the electron, 


etc.) due to hadron vacuum polarization depends on hne?iv' (0) which is 


zy [ese 

4n e 

It is expected today for reasons to be discussed later that o(s) may, for 
large s vary as constant/s so the integral would converge and be determined 
experimentally. 

In general the possibility of an S must be resolved tọ get the greatest 
use of such a relation. Otherwise if v(q7) is known somewhere at some special 
value of a (say 0 or ~) we can convert to a subtracted dispersion relation. 
I.e. suppose it is known S is a constant, but not a polynomial in a’, and 


2 2 
vab is known. Subtract from (5.10) for a its value when q` = qj to get 


25 2 2 
pm )dm" (q5-9°) 
v(q2) - v(a?) = i f Aoli acre (5.12) 


a n +ie) (qy-m +ie) 


2 
S does not appear. This same trick helps if the integral on m looks divergent. 


General Theoretical Background 


The integral on n may now converge better for large n. 

In our application any constant S is uninteresting, 
value of v(0) is of no interest today because it is lost 
Hence supposing S does not have a a? term (assumption of 
would write a dispersion relation for the quantity v(a?) 


of physical significance 


2 œ% 
va - voy = 3. f 


(2m_) 
T 


2 


2 (q°-m"+Le)m 


Thus we may look forward in the near future (when experi 
p(n?) will be more complete) to being able to make a (fi 
correction in QED calculations of the effects of loops i 

In a recent measurement of olete” > ea an effect 
of the ¢ resonance to p(m) has been observed. 


of the graphs 


+ - + - 

u u u u 
Hadrons 

+ - + - 

e e e e 


. In the first order in which the effect 


at a a? near m 


2 
¢ 
real part of an )-v(0)] is seen, this is observed as 


in o near a? 
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as we have seen the 
in charge renormalization. 
no bad seagulls) we 


- v(0), the only quantity 


(5.14) 


mental results for 
rst order in e?) 
nvolving hadrons. 


of the contribution 


This comes from the interference 


contributes only the 
a slight oscillation 
Poa m " 
> u'u ) when "Hadrons 


As an example we calculate the modification to o(ete” 


in the above graphs is the ¢ resonance only. In this case 
2 Cc 
pa) = => (5.15 
may) +r y4 
Substituting into (5.12) 
2 œ 2 
2 - dm’ 
(vq )-v(o)} DE Í FS (5.16) 
an iad (a? =a) (a2 q?-te)m? 
In rpad - vo) -5 = (5.17) 
(a? m S40 /4 
Re f (a?) o) “1 dn” 
v(q°) - v = P =o (5.18) 
27 L ea 1h mgn 


where P means principal part. 


28 Photon-Hadron Interactions 


The lower limit in the integral (5.18) can be set to -~ with negligible 


error because the resonance is very narrow. Carrying out the integral we find: 


me (me-q)-1?/4 


2 
Re i(v(a?) - vo) -1E 4t zor (5.19) 
(a +? 4) (tga JT 14) 
The cross section for u production from ete” is therefore 
2, 2 2 2 
2 2 m, (m -q )-T"/4 
eia fi- sees +t ar | (3.20) 
(air 14) ((ay-a yer n) 


where To is the cross section for the process in the absence of -photon 
interactions. 

We need not have evaluated the integral in (5.18) to get the real part 
of tv(q2). What the relation (5.15) says is that iv(q?) is an analytic 
function with no poles in the lower half plane and such that Im frad) = > pier): 
To obtain Re (iva) all we need to do is guess an analytic function whose 
imaginary part is 4 p(m) and which has the correct poles in the upper half 


plane. In this case, the function is easy to guess 


iv(q’) ier eft (5.21) 
(q -m,)-il/2 
therefore 
2 2 
C(q°-mg )/T 
Re (sva?) = A a 7 (5.22) 
(q -m 471/4 


Making the subtraction at a? = 0 we get (5.19). 


Note; Annoying Point 


Let us calculate other uv components in (5.8). First tx s0 4,4, - Svt 


12 
= ' 
Io Q 


Therefore get 


' ' ' ' 2 P: ' ' 
45, a5) -a5 Q, Cag) do Q $ IG OC9Q) 
—r m t — -r = 

+q'-ie ee 
o q, 7a -ie 


so this is OK because the factor do Qk multiplies the same integral as in the 
tt case. Trouble comes however in the xx case for then the coefficient is 


Q,” - (qt?-9”) for the qt does not change directly to a? as required, but 


we have instead an extra correction of qt? - ay” which cancels the denominator 


o 


General Theoretical Back ground 


so we get 


i (a? Jdm? i 2, , 2 
Vex ~ Fy 0, - §,,0°) f waar A fro gas 


22 
= i ‘as 2 pm dm )dm i . + 
or Vivo 27 C sya f qe-a' tic i 27 C avuti ve? $ iSv (5.23) 


where C is a constant (infinite no doubt) = [ooa 

We could get rid of C by a seagull type term but we are confused because 
the time ordered product alone seems not to be relativistically invariant. 
Apparently <ol (5), J, (2)| o> = 0 outside light cone isn't enough. Perhaps 
some limit on the singular behavior when t= tz near x = X, is also required 
(for relativistic invariance) and is not satisfied here. It is satisfied 
for every other real problem. Hereafter we drop it supposing some term like 
fa “A ax is added to the Hamiltonian to straighten it out. It is called 
the trivial Schwinger term. In quantum electrodynamics the trivial Schwinger 
term is controlled by calculating by regulators, i.e., propagating electrons 
of mass a? minus a term with mass n + A? s0 p(n?) need not be positive and 
f p(m*) dm? is taken zero. 


Certain functions and their transforms are important. Propagator 


apm - lsc?) + ge a) (mg) (5.24) 


where S = + Hera? in time like regions and s = -i de?-x? in space like regions. 


For large s, H is asymptotically H v e ms, For small s 


2 2 
mz aat 2 i a in 1 1 
PETES) OE Tq eee + Hoe iz [ingen + - 5] + i aia 
4n°s 8r 
y= .5772... 


For free fields of mass m it is just <0|{4(2), ẹ(1)} |0 . 
T 


Comutator. 


The commutator function 
C(x,t) = sgn t > Re (n6) (5.26) 


F.T. C(x,t) = sgn do §(q7-n?) (5.27) 
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For free fields it is <0||¢(2), $(1)| |0> 
C(x,t) = sgn «[- 8 Ce) + gus J 1 (as) 


for real 8 only. Outside the light cone it is zero. For small 8 


n2 nt 32 
Zs - 8), os 
C(x,t) = sgn t = ig- 1287 Paeys x (5.28) 


Problem 5.1. 
Show that the total cross section to produce any hadrons from Pi +e 


at energy E + E is 
2,2 
o= 7 pla?) where a -= az’, 


Problem 5.2. 
Find pla?) for muon pair production. 


2,3,2 
p(q’) = a ae a=’, he for q> 4u? 
q 


Problem 5.3. 
Use pa?) of problem 5.2 to find v(a?) - v(0) for the vacuum polarization 


of muons, 


Low Energy Photon Reactions 


Lecture 6 


Pion Photoproduction Low Energy (0 to 2 GeV). 


Reference: R. L. Walker, Phys. Rev. 182, 1729 (1969). 

As our first experimental subject we take up low energy photoproduction 
of pions from nucleons. Among the individual reactions are 

ytp> x +n 

y+prr +p 

ytn> 1 + p 


ytne> n° +n 


The first two are the most extensively studied. Today data on various 


polarization and spin cases are also available. Evidently we are measuring 


things which depend on <Wn| J, Ca) [N> for a? = 0. The (total energy in the 


2 2 2 
is often called s. s = (ptq)” =m + 2m; AB where VLAB is the energy 


of the photon in the lab system (for us v goes from 0 to 2 say). These are 


C.M.) 
not the only matrix elements from N states at these energies 

+ ° + o 

ytprentnr +7 ory+tprn +A, ytpr+ptna 


etc. are also possible but we discuss these later. 
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The most characteristic feature of the behavior is rapid changes in angular 
distributions with energy. This feature is characteristic of hadron collisions 
such as y + p+, +p also and is interpreted as due to resonances. The 
game resonances appear here, of course, as in m scattering. The photon data 


has been explained and analyzed in considerable detail on this basis. Firet 


we discuss the general "theory" of resonances. 

A general element of the T matrix must have a special property of 
separability defined by the following circumstances. Suppose we imagine a 
collision like A+B+C+D+E+F. One possibility is that A + B hit first 
to make D + X in one part of space (via element <Dx|S| AB> and then X as a 
real particle goes off across the room to hit C to make E+ F via C+X>E+F. 
That is <EFD|T|ABC> must have an infinity--a singularity when the momenta 
gatisfy Pa + Pg ~ Po ™ Px and Py has the value M for a real particle X. 

The residue of the singularity is <EF|T|Cx>+<XD|T|AB>. When Py. is very near 
M (and Ey is positive) the behavior is very much as if an ideal free particle 
of mass M? propagated so the amplitude varies as P - a + te) 7}, 


1 
(PatPa- Po) f -M +1 e 


<DEF|T|ABC> %<EF(T|C% <DX|T|AB> . (6.1) 


More specifically if S is written Se = Seg - (2n)4 16°(p_-P,) Tey near 


i 


a resonance (don't confuse T with Ta] used previously). 


<Res|T|AB> 


1 
p- (mp -ir pg) 


where (Py + P7 Po is sufficiently close to y (and the sign of the energy 


<cp|T,|AB> = <CD| Tpl Res> 


is right). There must be a corresponding singular behavior for every way 
that the momenta can be combined into the momentum of some stable particle. 
The exact form of the singularity comes from an analytic extrapolation from 


the imaginary part 
2 
in <eF|T|Dx><xc|T|AB> 8(p,? o- 4,2) 


which unitarity demands because processes A+B+C+X andD+X+E+F 


are possible. 


If a small perturbation (such as weak interaction) acts to make state X 


slightly unstable and of decay rate [, it can be shown that the modification 


x 
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near the resonance is to replace 


1 


re -1 
=> by G -(m -ir ) à 
Ppt He > e GE ee 


(There are also slight modifications of ny and the residues, but the form 


is the same). The non-relativistic form is 


EET 
In non-relativistic theory this is the form no matter what I is due to. 

It has been found that such resonant behavior of the T matrix is exhibited 
by strong interactions. (Here the width f is not produced by weak external 
perturbation, but is a consequence of the strong interaction itself.) They have 
the following characteristics. i 

T varies in Breit Wigner fashion (°° - (agiram) - 

This only means something precise if [ is small enough that the variations 
in the residue factors <cd|T|R><R|T|ab> are either negligible or well known 
(as near threshold behavior--there a proper variation of f with Q may have 
to be included). 

The same resonances appear in many reactions at the same mass and width 
(given I-spin, angular momentum, strangeness, parity). The Table of Particle 
Properties is a table of such resonances. What is the meaning of the existence 
of resonances in strong interactions? There are examples of narrow resonances 


in other fields. 


a) Atomic systems. The excited levels of atoms are stable except for 


coupling with light. The narrowness of the observed resonances in the emission 
spectrum of an atom, for example, is known to be due to the small value of the 
coupling é: 

b) Nuclei. The coupling is known to be large but narrow resonances are 
observed. In thís case the origin of the narrowness of the resonances can 
still be understood. In the decay of an excited nucleus of high A by the 
emission of a neutron; for example, it is hard for the wave function to 
concentrate enough energy on a single neutron to escape. Other effects such 
as centrifugal barriers account for the narrowness of resonances in nuclear 


physics. 
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None of the above effects seem to appear in particle physics. But also 
resonances are generally not so narrow, the width is about a fourth of the 
spacing to the next resonance in the same channel. The meaning of the appearanc 
of resonances in strong interactions is not understood. At first theoretical 
physicists did not expect resonances from strong coupling field theory. Then 
they realized if it were strong enough there were "isobaric states". But the 
exact meaning of the existence of these resonances for underlying theory is 


not clear. 


Lecture 7 


We discuss a number of problems in general in using resonances, in the 
specific form used by Walker. 
a) How much is resonances and how much is background? Can the background 


below a resonance be simply tails of other resonances? If we write a resonance 


acia 
E-E TtT , 
off resonance it is 


A 
E-E, i 
If a varies like a(E) ¥% a(E,) + a(E-Ep) > then our resonance is 


a (Ep) 


E-E, 


+a. 


Thus a general background a cannot be defined unless one is specific about 
the variation of <T> off resonance. Some people like to define <T> as pure 
constant and ask then if background is zero--but it may depend on how we 
write <T>, e.g. as Yy or other explicit forms and seems a bit arbitrary 
although it has merit of being precise. 

In practice sometimes we know T must vary because we are close to a 
threshold where [ varies as qt for small Q where % is the orbital angular 


momentum. This form cannot be correct for large Q because it blows up too 


fast. To deal with that empirically Walker chose 
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ae | 
xR 
ret, Gy Go 
R x +Q 


for the rate a meson couples to a proton with angular momentum £, For a 


photon a similar 
2,, 2 
ky SRJ 
Ay eg Go. a 
Y kR x +k 
term was used. x was arbitrary (at about .350 GeV for all resonances except the 
1236 where .160 was used). But changing x is like changing a(E),--it distorts 


the form and leaves the question--How big is the tail of a resonance? 


Impossible to answer except arbitrarily. 


Problen. 


The use of f= 1, caa)? 


has implications for the expression below 
threshold. These are not used by Walker (violating dispersion relations). 


What are they? 


Theorists like to choose the infinitely narrow resonance approximation; 


a is constant, the background is 


a(at resonance) 
Ey 


in defining resonance backgrounds--or rather "effects of resonances far from 
their resonant energy". This last concept in quotes is very subtle and hard 
to define but is used glibly for all kinds of things today in theory, as we 
shall see. 

b) Can T be expressed entirely as a sum of resonant terms? Consider 


the case atbr+ect+d 


c\/d s= (Pt) 
t= Po- Pa) 
a b u (Pa Pq) 


These are resonances in the s channel of the kind 


ee: eee 
s-M, ° (8) 
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and have a sum 
c(t) 


s-M,° (8) 


. (7.1) 


Then there are resonances in the t channel from diagrams of the form 


c a D, (s) 
I 7 (7.2) 
a b tM, (t) 


For a real experiment none of these are resonant since t < 0, all are far away. 


A theoretical question is: Should we add (7.1) to (7.2) (and u resonances)? 
This only means something if (7.1) is precisely defined. 

It is a tenet of theory (called Veneziano or extended duality) today 
that we should not add (7.1) and (7.2) but that in the sum of s channel 
resonances alone is the t channel behavior completely defined; this is supposed 
to apply to the imaginary part only. 

An expression has been found for (7.1) which when summed gives something 
that can be written as a sum of t channel resonances (Veneziano). These are 
difficulties of definition in practice. What Walker did was to take a term 
for each resonance that he knew about, plus a background. In fact he wrote 


the amplitude as the sum of three parts: 


(1) s-channel resonances 
(2) the pion exchange 


(3) background. 


(1) The resonant masses and widths were taken from the "N scattering 
data which had been analyzed by amplitudes for each channel (of angular 
momentum, I spin, parity). A constant, the matrix <R|3 [N> i.e. <R|T|yN> 
for each resonance had to be determined empiracally, by adjusting to fit data. 
(The other factor <mN|T|R> was available from ™ scattering). 

(3) The "background" was a slowly varying amplitude in each channel. 
Goodness of fit of parameters in (1) is judged if the background can be 
made to vary slowly, or at least smoothly, It was hoped that all these 
background terms would be real but some small imaginary was ultimately 


needed in some channels, possibly because resonances are left out, or have 
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inaccurate parameters. (Next time Walker does this he will relax the condition 


that the background amplitude be real.) 


Lecture 8 


We continue with the discussion of the terms used by Walker. 


(2) t channel 7 pole. This is from diagram A 
N 


q-k J 
{ A 


\ 
ce ~ NG 
(a diagram which does not exist for ne=-but we will say more about this later). 


It leads to a term like 

Vine, | Pee 

(2q-k)-e ane Ba} <ayly,|u,>- 2vang 

(q-k) -m 
where g<uyly,|u,> is an empirical determination of how t's couple at their 
pole, empirically g? = 14.8. This factor t-m, varies rapidly with t for 
small t, leading to a rapid angular dependence. Small t means an effect far 
away from the nucleon. The effect is that a nucleon has a chance to be seen 


as a nucleon with a nt around it spread relatively far out, as 
e "hr 


in amplitude. If this virtual 7 is hit with a photon it can be sent out 
forwards and appear real ("unbound") having received its necessary energy and 
momentum from the photon. It goes fairly sharply forward--at higher energies 
at least and affects the amplitudes in all values of s-channel angular momentum 
including high values, where for low energies and momenta no resonances are 
large. So it gives the major contribution at the higher angular momenta. 

Since there the rapid variation with t near t = 0 is essential we are near the 
pole n = .02 Gev? and we can consider it trustworthy and accurate. To be 
sure, at the higher energies lower angular momenta involve it for t large 

and so the form 1t-m etc. may be wrong or ambiguous (we mean we want to 


follow the principle--the contribution of poles is well defined only for 
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parameters near their resonance). But here the amplitude is slowly energy 
dependent and its exact value for the lowest one or two angular momenta 
(s, p waves) is lost in the background amplitudes we are adding anyway. 


(No background was added for very high angular momentum). 

The expression we have written for the amplitude is not gauge invariant, 
however. The rt springs from a source and doesn't conserve charge. It must 
be combined to other terms to make it completely gauge invariant. One obvious 
contender is the s channel resonance corresponding to the unexcited nucleon 
at 938. We can put these together as follows (let charges on initial nucleon 


be ey final nucleon e3, pion ep 


q sy e Po q Po f Py 
k eWP, k AP k Pa Py 
“Ir 


I IIL 
these give 
1 - 

M, = 4n(2q-k)*e ————> (u,y,u,)e_/2g (8.1) 
I eae os 

- fH u E 
My, 7 41,75 E (e,t +i (éK - Ké)) “u 2g (8.2) 

+2p,k 

n u f,- 

Mirr = Atay (eé + ae HR - o) 4 Y5% 28 (8.3) 
k ~2py*k 


With ¢ replaced by K the three expressions give 
M, = ~4ne,/2g (uygu) 
Ma” ~4ne, vig (uyy54,) 


Myg " -41e, vîg ù 


TII 2Y5"1) 


My + Mir + Mirr = 0 since e," ey 7 e, 
Note 


The inclusion of diagram III for the nucleon resonance reminds us of 


the question of whether we should not also have added to our low energy s channel 
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resonances, such as the 4, such diagrams as 


The answer is certainly yes. They were not included by Walker but again they 
are relatively slowly varying for a positive energy w. They are far off from 
their resonance (which appears below threshold at negative w.) 

The gauge invariance of Mi + Mir + Mirr is seen to hold even if the 
anomalous moment terms are omitted. These terms contribute only low angular 
momentum at low energy as does the entire II and III, and does not vary 
particularly rapidly with k. For small k all three terms have the expected 
1/k singular behavior. The anomalous magnetic terms in II and III go to a 
constant as k + 0 because there is a k in the numerator also. Since the 
background term was arbitrary except it was assumed that it was a) small in 
higher angular momentum states, b) slowly varying in energy; we could omit the 
anomalous moment terms and include them in the background. Walker did this 
and found, perhaps surprisingly, that if he left these anomalous moment terms 
out, the background was smaller than if he left them in. Thus his explicit 
definition of the "pion exchange term" is I + II + III with Wy = uy * 0 
(an expression he calls the "electric Born term"). 

We see that he could just have well left out the nonanomalous moment terms 
too and used a simpler expression--readily generalized to make gauge invariant 


in a rational way any pion exchange term. For 


(+R + ME = (2p) + k)-e +5 HE - A) - dC, - 


the last term vanishes because By = M on the initial state. The second term 
is like a magnetic moment term in that it has no pole as k + 0; it is of lcw 
angular momentum and slow energy behavior; it can be taken into the background. 
Leaving out all such moment terms, as they only contribute to undefined 
background we find the pion exchange term can be written in a gauge invariant 
form: 

"pion exchange term" = 


(2p, tk)-e (2p,-k)-e 
(2q-k)«e 1 2 a 
anle takk tê pk e2 p k )¥2g (uyy54,) (8.4) 
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(for Tor” 0 and vig is replaced by ge, = e, so we still have a gauge 
invariant expression). 

It is evident that the "pion exchange term" has no precise definition 
(some part of the nucleon resonance term is added). The ambiguity of exactly 
what part is academic because the ambiguity is slowly varying and easily 
absorbed in the definition of "background". We would suggest for a general 
case, at any k? (not only k? = 0) and any initial and final state that we take 


just the term 


(2p, +k) ʻe (2p,--k)-e 
_, (2qg-k):e i £ f 
<f|r|i> 4n¢ er ek te, Ip ky es Cp k ) (8.5) 


mq f Pe 


yok i Np, 
<f£|n|4> is the amplitude for the diagram 


£ 
i 


Since strictly this is off shell some definition by theory may be used, although 
all we can be sure of is that the residue on shell is correct. The "n° exchange 
term" does not have 1/ (t-m,?), The angular dependence is slow and shows no 
forward peak. 


Any form like 


for any a would be all right, but (8.5) has the virtue that the singular 
behavior as k + 0 is physically correct. 

I have gone through this long discussion to show that Walker committed 
no theoretical error of principle in his method of fitting. His adjustable 
parameters of fit were the desired quantities <Res | J |N> and the background 
amplitudes, adjusted to be as small and as slowly varying as possible. In this 
way all the data is distilled to produce theoretically significant numbers 


<Res| J |N>. Walker gives the value of the matrix element as A: 


A = danre? (2mzm,29)1/? <f|Jre p012 
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rather than <f|J-e|i> directly. Suppose a resonance of mass a decays into a 
nucleon energy Eo» and a photon each of momentum Q. (Q = (n,7-m,”)/ 2m, ) . 

If the photon goes off in the z direction with positive helicity +1, there 
are two helicities possible for the proton -1/2, +1/2, in which case the 
helicity of the decaying resonance is +3/2 or +1/2. A is given for each case, 


and for whether it is proton or neutron (see Table 8.1). 


Quark Model of Resonances 


The Quark Model 


The various baryon resonances have been successfully classified by the 
quark model; they are as if they were made of three quarks. Each quark has 
spin 1/2; three possible unitary spin states u, d, 8; u, d are I spin +1/2, 
-1/2 strangeness zero; s is I spin 0, s = -1; charges are +2/3 for u, -1/3 for 
8, d. It is assumed that the state is separable in its dependence on unitary 
spin, regular spin, and some additional internal coordinate or coordinates 
having characteristics of internal orbital motion. 

The nucleon octet and the lowest decimet require no "orbit" contribution, 
but the next set of levels of odd parity are understood as getting their parity 
and some of their angular momentum from a first excitation of an orbital angular 
momentum. These "quarks" can be looked upon as abstract indices to describe 
a wave function (in which case we need three indices each of which can be a 
unitary and a spin containing index, taking therefore 3 x 2 (or 3 x 4 using 
Dirac spinors?) values and another 4-space vector index for the angular 
momentum. Alternatively if the picture is taken more literally as particles 
going around each other we would be lead to expect two internal degrees of 
freedom and two angular momenta which could combine. This leads to the 


expectation of a greater variety of states than does the other view, but this 
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excess only arises at second internal excitation, or states of positive parity 
of higher masses. Today there is no sure evidence that these two angular momenta 
are necessary (a state needing them on the 1970 table is now considered uncertain). 
However, we will suppose they exist, and will study a rather "real" physical 
view of the model. The abstract theory with one angular momentum has not been 
formulated clearly enough to do calculations with it--it may not exist as a 
true alternative. 

I will just briefly remind you of the ideas and elementary consequences 
of the quark model. A quantum state of three objects can have one of 4 possible 
properties under permutations of these objects. It may be symmetric S, or 
change sign, antisymmetric A,or in one of two states of mixed symmetry a, 6B 
which upon permutations become linear combinations of themselves. Thus 
if X represents the two mixed states, combine S with X say makes a state of 
mixed symmetry X, A with A is symmetric S, X with X makes with different linear 


combinations of the four states either S, X or A, thus 


product 


symmetries 


With unitary spin there are three choices. for each quark or 27 states. There 
are 10 symmetric states |wuu> s | uud> etc. and only 1 antisymmetric |uds> 
(since each must be different). The remaining 16 are 8a and 88. Thus the 


unitary symmetry is 


S = 10 decimet 
NN 
X= 8 octet 
As 1 singlet : 
Only such SU} multiplets are found among the baryons. For spin with two 
possibilities there is no antisymmetric state. The symmetric is spin 3/2 
quartet, the X (two) is spin 1/2 doublet, symbolized by superscript 4 or 2. 


Therefore combining spin and unitary spin we can make the following 
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multiplets (SU, multiplets). S can come from S'S or X'X via chart above so 


|s> = “10 or 28 56 states 
|x> = 2, 2g 4g or 219 70 states 
a> = pi and 2g 20 states. 


Finally we combine this with internal orbital motion. We can think of a 
harmonic oscillator force for definiteness. The answer depends on the degree 
of excitation of the orbits N. 

We are to make an overall completely symmetrical state. 

N= 0. No internal motion. Therefore pure |S> = 56 = “1032 faiis 
the well known lowest decimet and octet. 

N= 1. One unit of excitation has the X symmetry. Because the CM cannot 
move (relative coordinates only) Xi + X3 + X3 where X is a position of a quark 


is impossible. Only differences can be involved, the la>, | B> states: 


1 

|a> i (2x, - X, - X,) 
1 

|8 — (X, - X,) : 


To get overall |S>, this orbital |X> must be combined with unitary spin and 
spin |X> or 70. Finally when the unit of angular momentum is combined with the 
spin in various ways to make different total angular momentum j, all of odd 


parity, we find 


2 2 
41/2 43/2 

2 2 
81/2 83/2 

4 4 4 
81/2 3/2 85/2 


2 2 
Wiz W2 


All these multiplets (except the ey have been found. 


Note 


If an object can be in one of a number of conditions x, y, z... we can 


with three such objects form states like | zxy> meaning the first object is in 


condition z, the second x, third y. From this and its permutations |xzy> etc. 
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we can form the states of definite symmetry 


[s> = |xyz>, = r (|xyz> + |xzy> + |yxz> + |yzx> + |zxy> + |zyx>) 
6 


la> = |xyz> z (|xyz> + | xzy> + | yxz> + | yzx> -2 | zxy> -2 | zyx>) 
2 


|B> = |xyz> = $ (|xyz> - |xzy> - |yzx> + lyxz>) 


as (-|xyz> + |xzy> - |yzx> + lyxz> - | zxy> + |zyx>) , 


[a> = |xyz> 
A A 


If two say xy are the same state y = x replace |xyz> + |yxz> by V2 |xxz>. 
If three are equal only the S survives | 2000 = |2. 


Combining two such states in a product we find 


SS=S AS#A S=} (aa +BB) 
2 

Sasa Ava = 8 a= l (-aa + BB) 
v2 

SB =B ABe-a 8= + (ag + ga) 
v2 

S-A= A AA®=S a= + (-a8 + Ba). 
v2 


With these rules and the rules for combining angular momenta any specific 


state in the quark model can be constructed. 
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jz -1 
A = v4ne (2m, + 2m, + 2Q) [2 <£|3 e li> 


Resonance mass my goes to photon momentum Q and final hadrons (see L colum) 


mass @,. J is the resonance spin projection along the direction of motion 


2 
of the decay photon of helicity +l. 


m-n. 2 
Q= EE ee à = VZ (m,-m,); 


my qtm 
-0202 
F = exp (~y 7)" 
(mjt) 
2 
R = 1.05 (GeV) 
Lecture 9 


The Quark Model (cont.) 
N = 2. Two orbital excitations each of type X can make S, X, A and the total 
orbital angular mom, can be 2, 1, O as it turns out the state of symmetry A 


has total L = 1, states S or X can have 2 or 0. Hence we can make 


bs.0"] : [o.0"] end [o.*]- az "hy ‘bsn 


[56,2*] [70,2"] EN ETA 


The 20 has not been seen. It has no matrix element of any operator (like 
J) operating on one quark at a time to-the proton. Two quarks at least must 
have their motion changed to get to the 20 from the fundamental [5s oO | =0 
We have definite need for the [56,2] because of a 4 of spin z/2* which 
can be gotten in no other way. Two other 4's of this set of decimets at 
j* 1/2", 3/2* have also been seen at roughly the same energy. This whole 
multiplet is expected as a Regge recurrence of the fundamental [56.0"], =0 


2 


and is 2.1 (Gev)? in mass“ above. This also accounts well for the octet 


at 5/2* ia? 


= 2.85). 
A puzzling state is the 1/2* Roper resonance at 2.16. It is best fitted 


as evidence of the [seol =2' What is puzzling about this state is its low 
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mass as compared to the 85/2 at 2.85 which is best fitted in [sez] =2° 
These two states are identical in their SU(6) properties. The quark model 
with harmonic dynamics predicts them to be of the same mass since they both 
correspond to two internal excitations. The large mass difference shows that 
harmonic dynamics may be too simple. The Roper resonance is a breathing mode 
oscillation of the nucleon; it is likely that all breathing modes of oscillation 
lead to a resonance of lower mass than those with a net orbital angular momentun. 
The corresponding decimet in the [s6.0" =2 has not been seen. 

These [56.0°], 22° [e h = 2 2e the states that are expected if 
there were only one internal degree of freedom. The 70's would not be expected. 
How good is the evidence that they are there. There are three states that may 


require them: 


1/2*N(1780) possibly °70,0°} m? = 3.16 
3/2*N(1860) possibly 70,27? m? = 3.46 


7/2*N(1990) [70,2*] m? = 3.96. 


The latter state would have to be [70.2*] 3; it would be impossible with one 
degree of freedom only--but it is not well established. (It was on the 1970 
Particle tables, but not on the 1971 tables!) The first could also be [56.0%], =4 
a higher "breathing" mode excitation of the nucleon, the set being nucleon 
= = .881, Roper n = 2.16, N(1780) m2 = 3.16. 

The second, if only one internal motion is allowed, would have to be the 
missing octet from the fs,2*] at J = 3/2. If so its mass” = 3.46 is very 
different from the mass” = 2.85 of the J = 5/2 state so the usual rule of 


small spin orbit coupling would have to be abandoned. 


Thus the evidence is in favor of requiring two internal degrees of freedom 


but it is not conclusive. 


Problem. 

A good research problem is to carefully study the properties of the 20 
via the quark model and propose the wisest way to look for it experimentally. 

The difficulty in observing the 20 is that if we assume we probe the baryons 
through an operator which acts on one quark at a time (regardless of the nature 


of the operator) then the 20 cannot be reached from the nucleon. The reason for 
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this is that the 20 is antisymmetric in its SU, indices while the nucleon is 
totally symmetric. Operating on one of the quarks in the nucleon still leaves 
the other two in a symmetric state. 

There are many states possible at N = 3. The most important is surely the 
Regge recurrence of bonr] at [o,37]. A few states of this are apparently 
known. 


N= 4. AA of spin 1/2 probably from [s6.4*], = 4 18 known. 


Calculation of Matrix Elements. 

The simplest application of the quark model is to calculate matrix elements 

assuming a nonrelativistic Schrödinger equation for the quarks. There are 
ambiguities of factors like n/m, or E,/m, (energies and masses of final and 
initial state) but for our photoelectric matrix elements they are small. 
See R. Walker "Single pion photoproduction in the resonance region" International 
Symposium on Electron and Photon Interactions at High Energies, Daresbury, 
England, 1969. See also references therein. 

One simply works out the states of a system with Hamiltonian of three 


harmonic oscillators: 


2 
1 > 2 +2 +2 mw > > 2 > > 2 + > .2 
H= 35 @, + Py +P, ) + Oy - x) + (x, - x4) + (x, - x3)" - (9.1) 
One takes the spin and unitary spin dependences to factor out from the internal 
motion. 


The interaction of one quark, say l, with an electromagnetic field is taken 


to be 
ei Epi ep 5 Pta] 


where ey is the charge on the quark. Matrix elements of this operator (with A 
the appropriate plane wave for a photon) between states n of the Hamiltonian. 
(9,1) gives us our numbers for <Res|J,,|p> to compare to experiment. 

The quantities m, w, g, are parameters; g is the gyro-moment of the quark. 
The Dirac value g = 1 works very well and it was chosen to be 1. The value of 
w is guessed as 400 MeV so the level spacing will be roughly right--the value 
of m is chosen (as 340 GeV) to fit the proton magnetic moment. The values of 


the current elements that result are given in table 8.1 next to last colum 


Quark Model of Resonances 51 


Anon-rel. = aa It is seen that there is remarkably good agreement with the 
known values. All the signs are right and small values are predicted to be 
small, sometimes by selection rules generated by the model--sometimes by cancel- 
lation of terms for orbit and spin coupling. (The terms containing p in the 
column for <f| Je, |1> are the ones contributed by spin--the formulas are from 
a relativistic modification. They are virtually the same as the nonrelativistic 
case). Finally the orders of magnitude are generally very close--the worst 
is the Fy, (1688) with +3/2 helicity on proton which is off by a factor 2. It 
is as possible that this is an error of the theory, as that it is a systematic 
error of Walker's fit where he omitted, for simplicity, a number of resonances 
which the quark model says should not be small. 

Several questions arise if this is real. First a non-relativistic theory 


is surely not valid containing particles of mass 340 MeV in which the first 


excitation is 400 MeV. Second, with such low quark mass there should be 


QQQQG states. 

We have used Bose statistics. If the quarks can be free it can be proven 
that spin 1/2 implies Fermi statistics. The only way out is to assume three 
kinds or "colors" of quarks for each SU, type and say that the bound states are 
pure singlets in the new index. For example, baryons must be in the 3Q state 
containing one of each color thus antisymmetric in the color, to say now that 
quarks obey Fermi statistics requires symmetry in the other indices. (A formal 
way of dealing with this called parastatistics can be shown to be exactly 


equivalent to the three colors of Fermi quark theory.) 


Lecture 10 


Feynman, Kislinger and Ravndal, Phys. Rev. (1971), tried to remedy the point 
that a nonrelativistic theory was ambiguous in how you applied it to a problem 


of relativistic kinematics by making a theory where the rules at least were 
relativistically stated. Such a theory to be complete would have to be a 
relativistic field theory which is too complicated to calculate. They made a 
simple theory of states, but at the expense of unitarity--which meant considerable 


trouble later on--but at least relativistically unambiguous rules could be 
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formulated. The net result for our photon matrix elements is to give almost 
exactly the same numerical result as the non-relativistic case--so it is not 
of great interest here. (It does so with one less arbitrary constant, however.) 
Nevertheless we outline the method. 

They noted that the harmonic oscillator Hamiltonian could be written 
20H = pê + mwux? and that 2mH was nearly the difference of the squares of the 
energy m + W (or mass) of the states. Thus to get (mass)? to be equally spaced 
they could use an eigen-vector operator for mass? which was a harmonic oscillator. 

2 2 


The only constant is m w which they call a’, so the quark mass disappears on 


the right hand side. Thus let 


ST TO S Y + Pe? S ~ (uy 7 4)” t (4 g w)? i Ug i w? Eg 
(10.1) 
C is a constant, Pa is 4-dimensional momentum, ut 4-dimensional position of 
quark a. This in reciprocal is a propagator 1/K. Its poles (K = 0) give mass” 


as seen as follows: 


Take out the cm. motion 


pot ePteete (10.2) 


to get relative momentum operators €, n (with coordinates x, y) find 


oa are 


1 l 8 a 
-Na +5 toe ty (10.3) 


N is the Hamiltonian for two oscillators, Thus states of eigen-value 
- 2 
N =N have poles in K as p? - N) A or propagate as particles of mass = N . 
2 
Evidently these are separated by R. Regge slopes indicate mass“ increases by 


1.05 (Gev)? per unit of angular momentum, hence take 2 = 1.05 GeV. 


(For the baryon photoelectric matrix elements there are no further (effective) 


adjustable constants.) 
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If K is perturbed by 6K the propagator becomes 
1,1 are 1 1 
KtTK KE +tK RE KE 
so in first order the disturbance ôK becomes 


1 =. aeS 
ay <tl6xl > 


Pp -mg p -m 


or the appropriate perturbations of m—which is the relativistic T matrix 
elements defined by the usual relativistic rules--is just the matrix elements 
of 6K between eigen states of N. 

What about spin? The lack of much spin orbit coupling suggests that spin 
factors from the rest of the wave function~-thus the operator K is the same 
expression times a wave function with three dirac 4 component indices although 
it does not affect those indices in no electromagnetic field. However >, is 
interpreted as its equal wy so when an electromagnetic field is operating 


the operator is 
2 
Kaan” [ba = eak a) (Fa = eaten) + (A - KC) 
2 
+ (+. - eA) 2] + 5 [o - uw)? + (u, - a)? + (a, - v*| 


(10.4) 
en a e, are the charges on the three quarks. 
The first order perturbation thus gives the current operator for momentum q: 
v igvu, iq-u, 


J =3 EÈ e (% ye +ye f). (10.5) 
g a=a,b,c caine: i g 


Matrix elements of this are taken between states of the system. 

But the system has too many states. (1) The 4-dimensional oscillator has 
time-component states which have negative norm (or negative energy - FKR prefer 
the former but see below). To avoid this it is assumed they are not excited - 
so the experimental states satisfy the subsidiary condition of being in the 
rest state of the oscillator in the direction of the 4-momentwm Pi of the state 
(if a” and b" are creation operatcrs for the two oscillators), 


* 
|> = 0 


Pa 
uu 


x 
Pb [o> = 0 (10.6) 
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(2) By taking ¢ to involve Dirac spinors twice as many states as desired are 
included (Q and Q). To avoid the parts of the spinor appropriate to antiquark 


states other subsidiary conditions are assumed. 


Pa Yal”? = n| o> 


P, Ybl? = m|¢> 

P, Yue! = ml¢> (10.7) 
where m is the mass of the state m = Pipe (3) The current is not gauge 
invariant unless the nase” differences used are exactly NQ (i.e. C is a true 
constant). These matrix elements are computed with the true experimental asa” 
which may not have exactly a separation NQ. Transitions from Zap to quartet 
states are unaffected. Also the Fy, (1688) is unaffected for its mass” is almost 
exactly 22 above the proton. The uncertainty involved for all elements of the 
table (except wry) is probably very small. 

Omitting such states [10.6) and (10.7)] means a complete set is not used 
and, since the omitted states have negative norms, means that matrix elements 
will be generally too large by ever increasing factors as the mass discrepancy 
of initial and final state rises. FKR compute all kinds of meson decay widths 
(via PCAC using the divergence of the axial current for the pion coupling 
operator) and find this to be the case. To compensate they divide by a factor 


Gu)? for the spins, and include a cutoff factor 
2 
(10.8) 


(with a determined empirically to fit, a 1/2. 

These do not seriously affect our matrix elements, of current, for lower 
states (the theoretical 1688 would be 40% higher without them) they have been 
included in the numbers given in table (8.1). It is seen that no essential 
modification of the non-relativistic model is implied for these matrix elements 
of J. 

u 
The table also contains one meson entry, that for w > 7 + y; here 


relativity is very important. The agreement is good but recent experiments 


give still lower results (more like .15). The value comes from observation 
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of the branching ratio rate of the w into nr + y. 

Beside these non- diagonal matrix elements there is, of course, the diagonal 
element <Proton RA Proton>. This is known for all momentum Q as the fom 
factor of the proton - we discuss here only the low q results, the charge 
(which of course comes out right) and the magnetic moment. The quark model 
(as used here) is quite unsuccessful there. The relativistic theory gives 
u = 3.00 Nuclear magnetons for the proton and - 2.00 for the neutron (this 
compares to 2.79 and -1.91 experimentally). It (like SU3) gives uF 1/2 Uy = 


~1.00, but in the magneton of the A hence -0.84 Nuclear magnetons. 


Experiment is -0.70 + 0.07. (The reason it is magnetons of the mass of the state 
is instead of energy perturbation = u(ø +B) we have perturbation of nasa” = 
mu (o °B) so the values of mu are the simple numbers). 

Supposing that all this serves as evidence for the quark model, where do 
we go from here? We have these possibilities: 

I Extensions and improvements in principle of theory: 

a) Extension to other current matrix elements. Naturally axial current 
elements can be calculated directly from the same model (put A > Ye) and a 
few are known by 8-decay, They come out wrong by the same factor, if theory is 
multiplied by .71 it agrees with experiment (e.g., for 84 we get 5/3 from the 
model and 1.23 experimentally). Using PCAC amplitudes for resonance pion 
emission to nucleon can be calculated with general success, except for a 
number of very sensitive matrix elements which come out as the difference of 
two large terms. For details see FKR ~ we will discuss the photoelectric 
matrix elements for ae = 0 later. 

b) States of negative norm. These cause all kinds of ambiguities and 
uncertainties, First, nobody has any idea for the factors introduced by the 
spin (except to consider the wave equation to be that for a two-component 
spinor wave function - this has not been worked out - on the face of it, it 
appears it would violate parity.) Second, we have negative norm time-like 
states. In this regard, a suggestion was made by Fujimara, Kobayashi , Narniki, 
Progr. Theor. Phys. (Kyoto) 49 193 (1970). FKR use the “wave function" 


2 - 2°] for the ground state of the oscillators (all others are 


2 
simply polynomials times this factor.) The exploding et can only be controlled 


2 2 
exp [t -x -y 
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by negative norm. FKN use instead exp l-t? - x - y - 2") which they point 


out is also a solution of 


a? 3? 3? 3 2 2 2 2 
SE a ree ees -x -y -z )|ġ= E¢ (10.9) 
at ax ay az 


which is after all the sum of four independent oscillators for t, x, y, z 

each of which can be in its ground state. The time oscillator now contributes 
Negatively to mass’, and we can have states below the ground state and even 
states of negative a. Again we shall have to say something like "time states 
are not excited" or something - but at least it is an alternative view. 


Thus the wave functions in momentum variables have the form 


op 2 (è _@ 22e) (10.10) 


where P is the four-vector momentum of the overall state p? = Mea (The 


ground state wave function is simply this factor - others multiply by polynomials.) 
Matrix elements of currents ed | X between two states Pr to Po3 Po - Py =q 


involve overlap integrals like 


1/ ,(P,-p)(P,-p) 1 (P .p') (Py.p") 4. 4 
E Sa p+ 6 4 (p-p'-q) exp — pie pe eee Nei 7 p dp’ 
22 PL 22 Po 
(10.11) 


which is easily integrated to give a form factor 


2, 2 
MM 1 2(P,.q) (P3. q) 
pet 2 Perma eres ee Masa (10.12) 
(PP) Q Py P, 


Thus, for example, the form factor for the proton (assuming no spin factors) 


2 


2 2 2 
where Py =P, a Ê, (P,-P)) q“ comes out 


1 1 2 
exp- ——L— (10.13) 


a-a) R 1 - 2a 


F= 


4 
it is seen that for large (negative 2) this behaves as 1/q as does the real 
form factor, and it generally fits rather well! 


For the photoelectric matrix elements la? = 0) assuming the states observed 
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are those whose time state is not excited, all the matrix elements are nearly 


exactly the same as FKR (expect for an occasional factor of M\M,/P ye P3 -—y- 7 


which is close to 1) except they all carry the form factor F, it is theoretically 
much more satisfying than FKR because it is no longer chosen arbitrarily) which 
in this case works out to be 
2,2 
2M) My 2 4 4 Q 


— m) e- TTD (10.14) 


“i w, R Mi +, 


which is much like FKR empirical F except for the 4 in the exponent (so it is 

very close to FKR's F to the fourth power). This cuts off much too fast and 

makes the poor fit of the 1688 even much more unsatisfactory and also destroys other 
cases that fitted well. 

c) Extension to higher order perturbation, in particular matrix elements of 
the succession of two current operators, Scattering of photon, electromagnetic 
mass differences or non-leptonic weak decays require the matrix element of the 
product of two currents. In the latter case the two currents are at the same 
space time point and we can prove that if the quarks are Bose the famous AI = 1/2 
rule for these decays is explained. A natural suggestion is the second order 
perturbation ôK ł 6K. However, in summing over all states in the propagator 1/K 
what should we do? 

a) Sum over all states including time states with negative norn, and include 

no arbitrary form factors. 

8) Sum over only physical states (no time states excited) using some 

assumed form factor, - if so, what factor? 

y) Use the system of Fujimara et al. summing over all states including those 

of negative energy. 

There are awkward problems associated with each way (will the commutators 
vanish outside the light cone?) and nothing precise or definite has yet been 
proposed to compare to experiment. We shall discuss this problem again when we 
have developed further theoretical tools, e.g. dispersion relations. 

II Modofications of the Specific Model of the Theory. 
Can the theory be modified to be in greater degree in agreement with 


experiment? The best clue to start with is probably the real value of the 
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mass’, which really do depend on the SU, and spin character. Perhaps the 
most important clue is the large separation of the m, n, n' system contrasted 
with the small differences (all accounted for by the extra mass? for strangeness) 
of p, w, >. It seems to indicate the interaction force is not a vector, but 
an axial vector. An interesting problem is the split of £ and A in the baryon 
octets. The simple quark model predicts them to be degenerate. 

Next comes the corrections that the quark model implies to itself for 
physical consistency. For example suppose, using PCAC or a modified quark model 


that has some kind of direct coupling, that a pion, A, and P are coupled - we 


can calculate an amplitude for 


This implies, of course, that the A can decay into 7, P and thus the 4 has 
a width. But in the original theory the A was an exact energy level. We can get 


the width by imagining the delta propagates also via vertical diagrams like 


4 P P 


\ J A \ J 
T T 


the quark model gives the coupling to be used later as the beginning of some 
perturbation expansion. This successfully induces an imaginary part in the 
propagator ifm - but at the same time corrects the real part so the experi- 
mental mass is not the uncorrected mass from the direct use of the quark model. 
How much is the correction and can we use it to understand some part of say 
the £,A mass difference, the OAO) split in the fs, o) etc? The 
perturbation theory is hard to use, it has a tendency to diverge, it seems to 
involve couplings far away from their mass shell, there are many more states 
than just the Pr available to the A, etc. Finally and most important - maybe 
we are partly counting the same thing twice - perhaps in the equation for the 
quarks we started with already contains some of the physics of interaction 
that we have later put into the perturbation correction. 


Due to these uncertainties nobody has worked these things out. (For 


Quark Model of Resonances 59 


another example, how much is the magnetic moment of the proton corrected? It 
has some amplitude to be a delta and a pion, or even a proton and a pion). 

This question is very serious. What is the quark model a model for? For 
the calculation of first order couplings among a set of ideal states which is 
later to be used in some definite prescription (for example, a series of 
diagrams like a field theory perturbation expansion) to compute the final 
hadron world? 

The quark theory is an incomplete theory. No definite prescription is 
given as to what to do next to correct it, or even to use it completely in a 
correct and consistent (with unitarity, for example) manner. As such it 
reaches a dead end. It shows that certain regularities exist among the hadron 
states, but a precise statement of what this means or what this really 
implies one should include in designing a more adequate theory is still 
lacking. It is a most important problem in the theory of the strong inter- 
actions. 

This "dead end" is a) a result of our lack of imagination of how to go 
further and b) a problem that every "narrow resonance approximation" has to 


face. 


Pseudoscalar Meson Photoproduction, High Energy 
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Pseudoscalar Meson Photoproduction - Higher Energies 


We now consider what happens at higher energy ~ in particular from 
5 to 18 GeV (as full data in the transition region 2 to 4 GeV is lacking). Here 
the analysis directly by sums of resonances is hopeless as too many are involved. 
A full analysis of amplitudes does not exist, mainly cross sections and a few 
asymmetry measurements with polarized photons, or polarized targets does exist 
but our theoretical skill at analyzing the amplitude for each helicity etc. is 
not yet good. Therefore this will be more of an empirical survey pointing out 
problems, rather than a complete theoretical analysis - in short, we do not 
understand this region. 
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We shall study in this part only a very small fraction of the total photon 
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+ 
nucleon cross section at high energy. The cross section for yp + 1 n is, for 


example, 0.6% of the total at 5 GeV. 


The total cross section for y on p shows bumps due to the 1236, 1560 and 
1700 resonances at low energies. It is mostly flat above 3 GeV, it falls 
from 125 ub to 113 ub, from 5 to 15 GeV (this is about 1/220 of mp cross section). 

The reactions go increasingly in the forward direction so that it is 
convenient to plot them as functions of t for given s(or k, the photon 
Momentum in the lab.). The slope of the t dependence varies relatively slowly 
with k, and certain characteristic regions for t are noticed. There is also 
a peak in the backward direction, small u, where it is best to plot u for 
given s. 

An empirical rule, not precise, but very good for comparing data at various 
energies is that all the cross sections vary nearly as cs in the forward 
direction, and as E in the backward direction. The reason for this is not well 
understood. That is, k? do/dt is a nearly fixed function of t. Below t about 
1 (Gev)? the curves for different reactions are each different. They are given 
on a chart from Diebolds report (reproduced here in fig. 12-1). (This is not 
precise data, variations of f(t) with s are smoothed over - to get exact numbers 
see detailed experimental reports - but they are excellent representations of 
things for a survey such as this.) 

Above t = 1 all reactions agree in falling very much like a, The cause 
of this remains unknown. In comparing to hadron collisions this rule is seen 
to be most accurate for photon reactions but is seen also in many strong inter- 


action cases, for example in forward (n pann or n pkt’) as well as in back- 


ward (n pepr”) (G. Fox). It may be related to another strong interaction rule; 


that in high energy inclusive reactions making mesons or baryons these particles 


3P 
are distributed in transverse momentum Pi as e 1 e This is also true of 2 
-8P 
photon induced inclusive reactions. This is only true in a rough sense, e t 
-2.2P 2 
for small Py toe for large P _ 


The theory of transverse momentum distributions at high energy and high t 


is wide open. It is a very good problem to work on. 


Very suprisingly backward photoproduction peaks are the only ones that 


seemingly do not obey the rule. They are very flat - flatter than anything else, 
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1.2 u. (This is not true for wee which has a rapid fall 
ju y 


varying as about e 


off with u in the backward direction, more like e 
The behaviour at smaller t (t<l) can qualitatively be explained by the 
idea of the exchanges of Regge poles of the following trajectories: 
Tm, and strangeness analogue K 
p and nearly degenerate Ay 
w 
K* and nearly degenerate K** 
The k7? behaviour would not be expected, for the various trajectories have 
different intercepts and slopes. But the K? cannot be a true asymptotic rule 


about amplitudes - it must be a sort of accidental result of several terms 


varying nearly that way - although quantitatively it is always a bit of trouble 
to get it out. This can be seen because if the amplitude varied truly as ot 
or rather, in correct normalization, were constant, the photon coupling via 
isoscalar and isovector would differ in phase by 90° and would not interfere. 
Therefore we would expect do/dt (ypen*n) = do/dt(yn+n p) and they certainly 
are not equal. 

The reason isoscalar and isovector differ in phase by 90° is this. For 
any amplitude f(s) the antiparticle amplitude is flets)", Thus if f(s) = gatlt) 
for antiparticles it is B* ert. But for an isoscalar coupling the amplitudes 
for particle and antiparticle are opposite, this requires 8, = 1c exp (-ina/2), 
c is real. For isovector coupling the amplitudes are the same because the 
antiparticle has opposite I-spin thus By = c' exp (-ina/2), c' is real. This 
shows that B, and B, differ in phase by 90°, 

In kegge theory the exchange of a trajectory can be interpreted as a sum 


over t channel resonances. In each case the polarization of the exchanged 


resonance is used up in getting as high a power of s as possible, by being in 
the direction of the two longitudinal momenta. Take, for example, the case 
where a vector particle is exchanged and there is no spin flip at either vertex 


(t fixed high s P) = P}, P, = P,) 
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The amplitude goes like J (Py e) (Py e) = P P, =s. The spin is therefore 
not available to carry longitudinal angular momentum. If there is a helicity 


flip 4\ at one of the vertices, the spin of the exchange is again used up in the 


term with the highest power of s; hence there is a factor gh or fel Ort, If 


both vertices have a flip the amplitude goes as fel Oral 53 [ána ideally. This 


later is true if the A\ are of opposite sign, it is required by the overall 
conservation of angular momentum. However if the AA are equal, say to l, we 


expect t but this is not required by angular momentum conservation. In fact, 
in such cases the effect is lost by absorption. Absorption corrections for small 


impact parameters reduce the t to its lowest physical possibility (in this 
example to a constant). Only if the coupling really factorize must it be 


dal t [an2] otherwise absorption can reduce the power. 


Lecture 12 
Pseudoscalar Meson Photoproduction - Higher Energies (continued) 


We now discuss each case in closer detail (following G. Fox) ypen att 


Y T 
CNTY 

T 
Awe P 


This case can be explained simply by m exchange. At the photon to 7 
vertex we must have a flip of helicity, at the pd vertex none is necessary 
(because of the p-A mass difference); hence the amplitude is Vel (t-n?) showing 
a dip at t = 0, a maximum at t = a. m exchange expects k“? cross sections 
(6202, a %0). Gauge invariant one pion exchange with absorption corrections 


works fine in this case. 


+ = 
yp*™ n, yn>n p 
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We have a helicity flip at the yn vertex and one (from parity) at the 
nucleon vertex. Hence ideally we expect t/t- °), there should be a drop 
at t = 0 but if we look at the data in figure 12-1 we see there is a spike in 
the forward direction. The answer to this is: "because of absorption". 
To understand how absorption affects the amplitude, perform a Fourier transform 
to the impact parameter representation. The amolitude to find a 
pion now looks lıke V (e™?) which is an odd function of b. The photon couples 
to this pion with amplitude that goes like VV (eM), the first gradient is 
because the pion is in a P wave with respect to the nucleon, the second gradient 
is because the photon couples to the pion in a P wave. VV (e) is a function 


that looks like 


The forward amplitude is proportional to the integral of this function which 
is zero so we still havent explained the observed peak. Absorption is here 
introduced, pions which are scattered by photons with small impact parameter 
do not always get out because there is a good chance for them to interact 
strongly with the nucleon. The function VV (e >) must be multiplied by a 


function a(b) like: 


The integral of the product a(b) VV (eH?) gives the forward amplitude which 


is now non zero. The result is that the amplitude is 


t -c (12.1) 
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G. Fox has noticed the empirical rule that setting C = 1 works very well in 
many cases. The amplitude becomes a? /(e-m_7). (Such peaks are common in 
strong interactions, e.g., p n change exchange pn-np). 
The difference between do/dt (pr n) and do/dt(yn+n p) shows the presence 
of p-like exchange. The amplitudes in the two cases go as 
+ 
yp > tae r+p + Ay 


yer pst-p +A, 


The n and p interfere coherently because the p coupling is mainly due to spin 
flip (see below). The sign of coupling agrees also with what is expected by 
naive quark model. (It also agrees with the sign in a similar strong interaction 
case np>pn = n+p and ppen = n-p.) The expected energy dependence for various 

t for the p is not clearly seen. Perhaps for small t pions dominate. For 


t near -0.5 a dip is expected in ypen’p by the fact that a(p) = 0 there (roughly 


a(p) = 0.5+t). In Regge theory the amplitude for a p trajectory exchange is 


proportional to 


-ina 
(l-e a(t)-1 
sinna la) ° i (12.2) 


The pole in (sinta)? at a=0 is "killed twice" by the phase in the numerator 


and by (r(a))74, so the contribution of the p trajectory vanishes at t = -0.5. 


The dip is seen more clearly in T ptn n3 in yp>n°p the zero being in a double 


flip amplitude may be obscured by absorption. In a single flip amplitude it 


should show up. 
+ 
Asymmetry for yp*>7 n 


a ~ On 


EEZ (12.3) 


and o, are the cross section for photons polarized perpendicular and 


` 


parallel to the plane of scattering respectively. Experimentally A looks like 


See 
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for small t O, = 0 


> for Y-t > .2 o, is small. This can be explained by con- 


i 


sidering the exchanges which contribute to o, and o. o, is contributed only 
by natural parity exchange (P = ©)! e.g. p,w ) o, 18 contributed only be 
unnatural parity exchange (P = -(-1)7 e.g. T). 


To see this consider the following picture: 


pseudoscalar 


mr 


scalar 


The photon comes in with polarization e in plane of sheet, if this is 
reflected in a mirror in the plane of scattering everything looks the same 
except that since there is a pseudoscalar particle the amplitude changes sign, 


it is therefore zero. 


Consider now a photon coming in with perpendicular polarization: 


pseudoscalar 
Y e 
NINN ANI 


scalar 


Again reflect in a mirror in the plane of scattering, e changes sign, but 


there is another change in sign because of the pseudoscalar particle so a 
natural parity exchange can contribute to E Similar arguments can be used 


in the case of pion exchange, generalization to trajectories of higher angular 


momentum gives our rule. 


The reason for the asymmetry curve can now be seen as follows. At t=0 


[eJ 


y = by geometry, as there is no special axis. For ideal 1 exchange we 


have the amplitudes 
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(12.4) 


for p we have A, = 0 A? # 0. From absorption (t=0 correction) we must have 
Ay * -1/2 Ay = -1/2 to get zero cross section using G. Fox's rule for size. 


The total is 


2 
ttn 
Ay -—ū -1-1 L (12.5) 
t-m 2 2 \ t-m 
T T 
1 p 
A = ->= +A 
ede 2 L 


a? should go to zero at small t. Neglecting it we expect the asymmetry 


2 2 
T lAl 
(12.6) 


2 2 

la|“ + [Ai 
to start at zero at t = 0, rise rapidly tol att = -n ? (which it does 
experimentally) and to fall off toward zero for higher t. It does fall off 
slightly, to perhaps 0.8, but not as much as expected; presumably other terms 
like a,° are beginning to contribute strongly. 

o 

yp?7 p 
do/dt for this reaction shows a very sharp forward peak, it is due to 


photon exchange (called Primakoff effect), the diagram is 


7° 


Tanna 
2Y 


2 
P P 


we know that 1° couples to two photons from its decay. In fact,this effect 
provides the most accurate way to measure the lifetime for 10y; the exchanged 
photon in the Primakoff effect is almost on its mass shell. 

For t outside the forward peak, the reaction can come from some exchange - 
we expect the w to predominate (see below) and to have a strong single flip 
(flip at ym vertex, non-flip at nucleon vertex). Thus it vanishes at t = 0, and 


does show the dip when a(t) = 0 at t = 0.5. The energy dependence is entirely 
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wrong for small t. A plot of experimental a(t) (from do/dt = g20(t)-2 


) shows a 

near 0 + .2 for all t out to -1.2 where it may be -l1. If w we expect yn>n°n to 
o 

be equal. The ratio ma is l for small t, falls to 0.6 near t = 0.5 and 


Yp?™ p 
rises again to 1 at large t. 


The asymmetry for polarized photon parallel Oy and perpendicular o, to the 
production plane has also been measured. A = (g,- 0, )/ (9, +0, ). The cross 
section is predominantly o, except near the dip when o, may be as much as 20%. 

YP?PK+A YP?K+EI 

These reactions are due to K* and K** exchange. A bit of K exchange at 
lower t makes A greater than the £ because the coupling KPA is bigger than 
KPE (see below). 

YP?np 

This is dominated by p exchange instead of w exchange, so no dip is seen 
at -0.5 because of the double flip. 

Quantitative fits have been attempted along these lines, but each needs 
several complicating features like absorption, Regge cuts etc. It is not worth 
our while to follow any of them in specific detail for no one model automatically 
easily gives detailed fits to all the reactions. 

What we can say however, is that in this large s region (at least for 
small t) the concept of t channel exchanges seems to be a guiding principle 
that is fairly successful. This same effect is seen in hadron collisions in 
even more detail; it is not a particular aspect of photon collisions. There- 
fore the discussion of the next lecture will be more general. 

We derive now the relative strengthsof various couplings from the quark 
model. The arguments above use these results. 

To get these relative strengths we assume mesons couple through currents. 
The currents are obtained by taking the meson quark wavefunctions and inter- 
preting the quark states as creation and annihilation operators. 

We have p = uu -dd, w = uu + dd; hence p couples to a nucleon like a 
current with u charge +1, d charge -l. w couples like u charge +l, d charge +1. 
A photon couples like u charge 2/3, d charge -1/3 or like ł w+ ł p. To 


a neutron the coupling of the p is reversed in sign, the w is not. Therefore 


yp = Fe + žu yn = 4 p+ z w which gives p = yp-yn, w = 3(yntyp). 
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The couplings go like 


to charge to magnetic moment 
YP 1 3 
yn 0 -2 
p 1 5 
w 3 3 


Therefore p couples mainly to spin, the flip amplitude predominates but 
for the w no such predominance occurs. 

From 1° = uu - dd we get the couplings of u,p to y and n°, Hence between 
n? and p° (which have the same uu and dd signs) coupling the photon to u plus 


photon to d = $+ (- x) = i, to w it is coupling to u minus coupling to 


d= 5-6 h = l, therefore 
o 
T wy 


o 
T PY 


=3 
1 


For the n = A (2 ss - uu - dd) the ratio is reversed 
6 


Pseudoscalar mesons couple to nucleon octet via SU, with F = 2, D = 3, thus 
=i 
KEN | Y2 (F-D) „l 


KAN 
/3 1 
7 (F+ D) 3⁄3 
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Lecture 13 


t-Channel Exchange Phenomena 


There have been a number of theoretical views as to how to understand 
these t channel exchange effects and I will discuss a number of them. They 
are closely interrelated and are undoubtedly to a large extent, different ways 
of describing the same thing. I will give a very brief discussion of each, 
indicating their relationships to each other and their various degrees of 
incompleteness. Some of the ways of understanding t exchanges at large s are: 
a) The geometrical or impact parameter viewpoint 
b) The Regge pole formula 
c) t-channel resonances 
d) s-channel resonances. 

The first view (has been discussed most completely by Harari) notes that 
as s*~, the angular momenta can get very high so that if the tth orbital 
momentum is selected where ekb is kept fixed as s increases we can define b 
ever more accurately. This b ultimately becomes the 2-dimensional space vector 
perpendicular to the plane of collision and is the Fourier transform variable 


corresponding to Q, the transverse momentum transfer vector. 
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Amplitudes A(Q,, s) can therefore be written as 
iQ'b _ 2— 

AQ, s) = je a(b, s) db (13.1) 
and the behaviour of A is studied by describing alb, s) using geometrical 
intuition to assist in understanding a(b, s) rather than trying to gather 
intuition of AQ» s) directly. 

Diffraction is readily understood by supposing there is an amplitude for 
a particle to pass through a target without interacting which is very small for 


small b, but rises to one outside the target. 


AÙ, s) would look like 


The energy dependence of this amplitude (nearly independent of energy) is taken 
from experiment., (It is vaguely understood as a strong interaction of an object 
of fixed size.) 

A reaction like charge exchange, say n penn is described by supposing, 
at fixed b that the n going through has some amplitude to change to a 1°. (The 
energy dependence of this amplitude may again be guessed from experiment, or 
from another theory like Regge pole theory.) This amplitude is largest in a 


ring 


because for large b no interaction occurs while for small b there is little 
chance of getting through. In crudest approximation we can say all comes from 
a ring at radius R, leading in Fourier transform to an amplitude like J 05E R), 


for no helicity flip. This expects a dip at t = -0.15 which is sometimes found. 
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For a single helicity flip where the amplitude must vary across the impact 
parameter plane as eff the result is J (/=tR). For R = 1 fermi this has a 
zero at t = -0.5 and is, in this model the origin of the dip at this t in 
pion exchange scattering, photon production of 1? etc. (The dip that in Regge 
theory we associated with the zero of a(t)). 

This model does give, with some exceptions, a rough description of the 
general behaviour, but it is not a complete theory because the energy dependence 
of amplitudes is not understood, nor are the coupling strengths. 

The view that a particle is a point traveling at a fixed impact parameter 
rather than a structure with finite dimension in the transverse plane 
(i.e. two pie plates colliding) is an oversimplification. Attempts to deal 
with this have so far, lead to complications and ambiguities and no clear 
definite picture has emerged. 

b) The Regge pole formulas result from a suggestion (motivated by an analysis 
of non-relativistic scattering by Regge) that the amplitude function for two 
body reaction A(s,t) be studied as an analytic function of the energy s and 

an angular momentum variable in the t channel, a. For large s the analytic 
formula was suggested 


a, (t) 
A(s,t) = H + p 84 (t) 8 (13.2) 


where a sum over special values of i (called poles) and a continuum of i values 
(called cuts) is in general expected. Nearly any function can be so expanded 
but the usefulness of the idea depends on making further assumptions. Evidently 
as s+œ the largest a's would determine A, and it was hoped that the poles would 
have these, definitely above the a values where the cuts start, so A would 


behave as 8(t) ar(t) 


or a sum of a very few terms of this form. If so, B(t) 
would be factorizable Bact) Bay (t) in a reaction A + B > C + D, and a(t) if 
extended to positive t would be an integer for those ł equal to the mass of a 
real particle of appropriate angular momentum. It is only at such a t that A 
could have a pole like singularity in t. 

For certain reactions (e.g. 1 p*r °n) these expectations have been 
brilliantly confirmed, but generally complications set in. For example, for 


pion exchange we saw how absorption, a concept from viewpoint (a) often 


modifiea the simple pole picture. In the "pure" Regge view any modification 
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of the simple pole formula for A(s,t) can be described, of course, by adding 
cuts - but what cuts to add, and how strongly requires outside ideas, like 
borrowings from the absorption model. The cuts start, for large s, right at the 
position of the poles and cannot be easily separated from them. 

It is found empirically that a(t) is nearly a straight line. The reason 
for this is unknown. 

Also to describe the nearly constant total cross sections a special trajectory 
was invented, the pomeron, with a especial value one for a at t = 0, without any 
dynamic explanation of this part. 

This theory is again incomplete as no information is supplied for getting 
B(t), and, in practice more important, for determining the rise and behavior of 


' etc.) have 


cuts. Attempts to avoid using the absorption model (tonspiracies,' 
failed. 

Obviously some kind of integration of the ideas of a, b will be the most 
profitable. 
c) The relation of the Regge form to the particles on the trajectory can be 
looked at another way (van Hove). Suppose we have a theory which would give a 
sequence of particles of ever increasing angular momentum. Then the Born terms 
representing first order exchange of all these t- channel particles will give 
a Regge-like sum. I give an example. Let the nases go as a? = a, + nR, where 
n? is the ‘ager of a scalar, a, + Q of a vector, a, + 22 of a tensor (spin 2) 


particle, etc. The exchange of these for a reaction A + B + C + D where for 


simplicity A, B, C, D are scalar, goes as 


c D 
A B 
1 s an 
- — t... 3. 
Co 7 Cy z + Cy z7 +t (13.3) 
t-m t-m t-m, 
o 1 


The s for vector comes from (Pa + Po) e e at the upper coupling and (Ps + Pp) seat 


the lower summed over e. Likewise 5? for the tensor comes if we use the full 
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two tensor indices to carry information about PR + Py from vertex to couple to 


2 2 
to make ((P,. + Po), + Pp) or s inthe limit. C, are squares of 


c 
coupling constants. Let a? = n? +n, and let Ca equal 1/n! say, our sum is 


Pa +P 


% 1 (-s n w œ (-s) 2 
A= È =s- %7 7 exp (t-m_“-n2)x dx 
nžo . (t-m,7-n0) no `o o 
o (t-m, 2) x -QX 
3- fo e o exp (-se ~~ )dx 
NX 


setting u = se and (e-m,7) Ja = a(t) the integral can be transformed to 


oe oar a(t) s a™2(t)-1 en" du’ 
For large s the upper limit on the integral can be put œ, to get the asymptotic 
form 

- = 0%) pea (t)) (13.4) 
(Coi 


The poles and residues of this functionT( -mte) = ate reproduce 


the original series. In general any Regge term can be expanded by its poles 
in t (coming from (t) and the series is then a van Hove series determining 
particles and couplings. Or some guess can be made of states and residues and 
a Regge term derived. These two forms are mathematical expressions of the same 
theory, and permit different points of view of the same thing; sometimes one, 
sometimes another is more suggestive of a new idea. 

Comments 

For negative s the series (13.3) gives an amplitude rising as e°. It is 
suggested that the coefficients cannot fall as quickly as 1/n! Altematively 
one can say that the values for negative s are taken from the asymptotic form 
for positive s by analytic continuation, 

Clearly in this sum, for negative t, we are far away from the true resonances 
and are again in the position of not knowing what the real sum should be unless 
we have a complete theory. Such analytic extension formulas are hard to use 
practically - for example what does observation of the first two resonances of 


the serial tell us about the asymptotic form? 


1 a + +? =? 
t-m t-m 
o 1 
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If there were no other terms the asymptotic s behavior would go as s. Yet 
from as a we can get a little information on the behavior of a(t). How does 
it work? I don't know - the analytic extension of approximate functions, or 
empirically partially determined functions is a mathematical problem I do not 


understand nor trust, nor can I guess errors. To show the type of difficulty, 


suppose a sum of t channel resonances gives ast") now change the coefficient 
of the 2 = 1 term by 4C. Surely the sum is now aso (t) + Gos which for 
t-m. 
1 


large s goes as s. The point is a modification of the second term only is not 
"natural" or "smooth" and changes the result drastically. Whatever physically 
causes the change in the first term changes all the other terms a bit in such 
a way that the asymptotic form is only mildly altered. 

To summarize the van Hove sum is not really useful except theoretically. 
If you have some theory of all the t-channel resonances and their couplings then 
you can be assured the theory will lead to Regge asymptotic behaviour - or if 
you have some theory leading to Regge asymptotic behaviour you can, by looking 
at the poles (in t) in its expression deduce where t-channel resonances are 
implied (a(t) = integer) and something about their couplings. 

Summing the t-channel resonances suggested by the harmonic oscillator 
quark model for meson resonances (QQ) does give an expected Regge behaviour in 


this manner. Detailed numerical comparisons have not yet been made. 


Lecture 14 

d) s-Channel Resonances 

Another theoretical idea is that all of the behaviour at high energy also 
can be understood by just continuing our s channel resonance analysis (e.g. by 
Walker) to higher energy. A behaviour like a dip fixed in t, as s increases means 
a feature that appears at gradually decreasing angles 6 = t/s so that a sharper 
and sharper angular distribution results. This means that higher and higher 
angular momentum s-channel resonances must be contributing as s increases. But 
this is, of course, all right for we know higher angular momentum resonances are 
available at higher s. The approximate stability of f(t) curves as s varies 
does imply a great deal about how the resonances and their couplings must behave 


at large s. 
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That the entire curve comes from summing s channel (and, some would say, 

u channel) resonances only is a tremendous restriction which, if true, might 
be so strong as to guide theory to the one and only exact expression that can 
do this - thus, much attention has been paid to this idea. Most statements 
are, at first, not that ambitious, because comparison to experiment again is 
meaningless if we have to decide on the hypothetical value of a sum of 
resonances far from their resonant energies. Instead it is noted that the 
imaginary part of a resonance r(e-E)? + r?/4) is only large near the resonance 
so the principle is studied in the form 

Im A(s,t) = I IM (s-channel resonances) (14.1) 
except perhaps for the pomeron. 

Such questions as the contribution of u channel resonances (which are 
always off resonance so the imaginary part is very small, zero for infinitely 
narrow resonances) and whether the pion exchange term (which is real) should 
be included are sidestepped in this way. 

It must be emphasized that s-channel poles are explicitly meant. For if 
an integral over a continuum is also included nearly all functions A(s,t) can be 
so represented. 

If we add the principle (duality) that the t-channel behavior (resulting 
from the s-channel poles) must if analytically extended, have poles at the same 
mass” for the same quantum numbers as the s-channel resonances we have such a 
severe restriction that perhaps only a nearly unique solution exists, and hence 
a solution of the strong interaction physics could result, Much work has been 
done in this direction - success has not been attained. Naturally the principle 
might be wrong -- perhaps s-channel and t-channel resonances must be separately 
added - or what amounts to the same thing s channel cuts are necessary if the 
amplitude is to correctly represent the high energy behavior in s and t. There 
is no physical principle underlying the duality hypotheses -~ it is simply a 
guess at a possible mathematical property of an amplitude, It is an observation 
at low energy that amplitudes are dominated by resonances, so that some sort of 
infinitely narrow resonance approximation may be a good starting point. But 
is this also valid at high energy where in most collisions many particles are 


produced? Can they be understood as the products of cascade disintegration of 
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resonances or is there an important contribution of direct coupling to the 
continuum? 

We remember that at high s the two body final state we have studied seems 
to be only a very small part of the cross section. The multibody states which 
constitute the major part of the collision cross section will be discussed later. 
Veneziano formula 

Such ideas are encouraged by the existence of a function (Veneziano) which 
can be expanded entirely in terms of s-channel poles - or t-channel poles, and 


which has Regge behavior at high energies. 
T(-a(a))T (-a(t)) 
T(-a(s)-a(t)) 


A(s,t) = (14.2) 


where a(s) is a straight line in s. 

The residues at the poles in some generalizations are not necessarily 
always positive in cases where they should be. 

This is only a possible form for A(s,t) if the scattering particles are 
spinless - much work without clear conclusion has been done in trying to 
generalize this. Also to generalize from 4-point to n-point functions. 

A fundamental problem is this: This is a narrow resonance approximation. 
How precisely are we to correct it? (The same question we discussed for the 
quark model.) Again perhaps the same question in another language - this is 
presumably not directly the formula for A(s,t) but for a deeper amplitude 
that must still be, as we might say, "corrected for absorption." po we have 
the Born term of some expansion? 

Attempts to extend duality or Veneziano ideas to photoelectric couplings 
have been singularly unsuccessful. However, the problem of the mathematical 
behavior of photon couplings should not be disregarded. They are especially 
important because they contain beside s, t a new variable a the nass” of 
the photon (which may for example be virtual via electron scattering). The 
amplitude kee) has analytic properties in all 3 variables s, t and also 
ae (we shall study them later) and this increase in restrictions may be very 
helpful in suggesting forms or theories. 

Finally we can ask whether a dynamical model (such as the 3 quark model) 
of hadrons could be expected to lead to just the sum of resonances and couplings 


needed to generate mainly forward scattering. I think it is very likely to have 
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no difficulty. We may draw the following diagram: 


If we suppose the photon and pion each couple to one quark - but each to a 
different one,then quarks a and b have large momenta and the amplitude that the 
final configuration a, b, c is in a simple proton state, where they presumably 
have small relative momentum is very small. Thus at high energy the most 


important case is that a single quark a receives the photon and emits the pion: 


The net momentum ¢ gets is only the momentum transfer k-q and the ampli- 
tude a b c is a simple proton is large if, and only if, this transfer is small. 
Therefore the pion goes forward in a way characterized by a function of the 
momentum transfer. 

At any rate a dynamical theory of s channel resonances alone might not 
find it too difficult to obtain apparent t-channel exchange effects. 
Estimates of Coupling Constants 

In a number of cases we estimated sizes of coupling constants. For 
example, we said p-exchange was mainly flip from a nucleon. Such things come 
from theory outside the impact parameter, or Regge theory which left such 
constants undetermined. They could come from other experiments (e.g. flip is 
large can be got from m nucleon scattering) but nevertheless theories are 
available for what to expect. We used mainly SU, but even here F/D ratios 
must be known - and these are given well by SU,, or what I have called a 
quark model estimate. 


The "quark model" used here is really not the same as the harmonic quark 
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model used for the s resonances applied to t resonances. We are not dealing 
with t resonances but rather with t trajectories. The quantitative theory of 
trajectories to be expected from any (in particular from the harmonic) quark 
model has not been worked out. Rather we are using the "quark model" just 
to count - to make up SU, and F/D rules. 

Even then we implicitly supposed something that many people have used 
(but to our knowledge has only last week been explicitly formulated by 
Kislinger). We assumed the p (or w) trajectory was coupled in the same proportion 
as currents are coupled (of the appropriate quantum numbers I = 1, 0). This idea 
usually comes in two steps. (1) the vector mesons on their mass shell couple 


like currents and (2) the 9,w,¢ trajectories couple like the p,w,$ mesons do. 


Stated more precisely consider the amplitudes for the following diagrams. 


D 


The ratio of these amplitudes is <B| 4| a> / <p| 4| c> where j is the current with 
pP quantum numbers. We have assumed the amplitudes have not been corrected for 


absorption. 


Another formulation of this "quark counting" game is to draw diagrams for 


t exchanges between hadrons like 


implying that baryons are QQQ and mesons are QQ in the usual way but that the 
interaction can be largely understood as a sum of terms each representing the 
scattering of one quark in one hadron with one in another. (Lipkin). 


It is clear that our interpretations of higher energy scattering combines 
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several ideas. What is evidently lacking today is some overall view that com- 
bines these nicely together. In the past too much attention has been paid to 
forcing the amplitude into one mold or another rather than combining the more 


well established and central ideas of each of them into some synthesis. 


Vector Mesons and Vector Meson 
Dominance Hypothesis 


Properties of Vector Mesons 


Before we discuss production of vector mesons by photons we first discuss 


the simpler problem of photon-vector meson coupling. 


Electron production of vector mesons 


f= 
In a colliding beam experiment we can measure e te + hadrons. This is 
interpreted of course as a virtual photon of positive a = OE a) and gives 


us a direct measure of 


<hadrons [3,0 [o> 


for positive ar: This matrix element is dominated by three resonances at 
suitable values of qe corresponding to the p,w,$ neutral mesons of spin i; 


just like the photon. 


For example if the hadrons is a pair of K's, KKT the cross section is 
very small unless a is close to (1020)? (ie a) and then rises way above 
background in a beautiful Breit-Wigner curve of width 4.7 + .7 MeV. The 


interpretation, of course, is that we have gone through a resonance, the ¢ via 
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a diagram like 
K- 


et e 


To analyze this we have two amplitudes, one purely hadronic <K*K | 49> and 
2 
a photon amplitude which we write as Vane? e <ẹl J, 10> at the mass of the 


$, ep is the photon polarization. The second factor may be written 


<4] 3 10> = Fy ej where e 4s the poiazizacion vector of the vector particle. 


(There is no generally accepted convention for how to write 


F One way is to write a, le, = F for what we have called Fy others write 


6° 
2 
a, /2y so y 


$ 


is Ł By» but still others use the same letter y, for another 


$ $ 


way of expressing the coupling.) 

The experimenters avoid all the ambiguity by noting that the diagram above 
implies that a free p meson would have a certain rate to disintegrate into 
Ee They give this rate (which comes more directly from experiment anyway) 

Tor ete = 1.36 + .1 x 10° Gev 
either directly or as a branching ratio. A simple calculation shows the 
connection (for any vector meson V of mass Di» neglecting electron mass) 


(a =1/137) is 


2 2 
+.- a 4m 2 73,8 4n 
TV> ee = FY D, a ie a (14.3) 
Sy 
2 2 
For the 9, Fy = ,080 (GeV)” or A /4 m = 13.3. 


One can look in this energy region for other products (such as 37, or n’y) 
and find the resonance again - thus determining the hadronic amplitudes for 
ġ¢>+3m or Pny, usually given in the form of branching ratios. 

In the case the final state is 3n there is another resonance at 785 MeV, 
the w meson - it is studied in the same way. 

Again studying 27 final states a large resonance near 765 of width around 


125 MeV. This large width makes considerable ambiguity (in assumptions of how 
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T varies with a) in determining the constants, mass and width. Further the 
curve is asymmetric, sharper on the high energy side. A small shoulder is 
nearly apparent - this effect is interpreted as interference with the w 
resonance assuming there is a finite amplitude for w*2n. (This violates isospin, 
and is an electromagnetic effect which we will discuss in the next lecture.) 

Values for the various constants for the vector meson may be found in 
the Particle Properties Table. There is now some additional data from the 
Orsay Storage Rings (J. Lefrancois, 1971 International symposium on electron 
and photon interactions at high energy). Some of the differences from Particle 
Table results are new data but some are due to an altered way of reducing data, 
especially for the p. We shall have to wait for new particle tables to thrash 
these differences out. 

B = Branching ratio 
New Particle Tables 


2 


¢ = B(gen°y) = (2.1 + .7) x 107 B(ġ>K' K`) = 46.4 + 2.8% 


B(g>n?y) = (.25 £ .09) x 107? B(@+K,K,) = 35.4 + 4x 

B(¢+3n) = (14.7 + 2.2) x 1072 B(¢+3n) = 18.2 + 5% 

To total = 4.7 + .7 MeV 4.0 + .3 MeV 
w —- B(wn°y) = 07 + .02 Blurry) = 9.3 + 1.2% 

B(wen°y) Not seen < .02 B(we3n) = 90 + 4% 

Tw total = 9.2 + 1.0 MeV Tw = 11.4 + 0.9 


B(w>27) = .04 £ .02 (Phase 87° + 15°) B(we2n) = .009 + .002 


T(wrete) .76 + .08 keV B(wrete) = (0066 + .0017)% 
p m aa 780 + 6 m Ta 765 + 10 

P P 

ro total = 153 + 13 MeV r total = 125 + 20 

rivet T = 6.1 + 15 kev risen T = 7.5  .9 keV 


Calculating from the latest Orsay data, we get 
2 
4n = 2.27 
8, / 
g fea = 18.3 
w 


g, /4n = 13.3 
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but Orsay making "corrections for finite width" reduces the data in some other 
way: 
2 
8 /4n = 2.56 Ł .22 
a lán = 19.2 +2 
By /4n = 11.3 + 0.8 
Note. Now that we have data for the rates ¢*ny and wry we can compare the 


predictions of the quark model with harmonic dynamics of Feynman, Kislinger 


and Ravndal. 


Quark Model Orsay 

Tóny = 1.79 x 107 Gev 1.0 + .3 +107” Gev. 

Twry = 1,92 x 1073 GeV 6+ 2x 1073 GeV. 
Lecture 15 


We will make a digression from our main discussion of vector mesons to 
consider the interesting feature of w - p interference. 
The reason w can go into 2r is that the state | w> is not pure |w > = 


A (uu + dd) isospin zero but has a small admixture of [o >= a (uu - dd) 
v2 9 v2 


isospin one in it. This mixing is due to electrodynamics. 
We consider the w - p system as a two-state system where Ce, is the ampli- 


tude to be ina Po state and Cu, is the amplitude to be in an vo state. 


g a Cw Ho Po Hop wo Cw asi 
dt Cp Hw P Hw w Cp 
the mass matrix is 
ilw 
a > 6 784-16 6 
H = w = 
irp 
6 m- > 6 765-162 
p 
therefore the true w is 
6 
| w>= Jw? + itil nS lo? 
w p 2 
lum Paleo: + ê> lo> (15.2) 
19+56i ‘To E 
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ô can be given in terms of the branching ratio for w*2n 


2 
Prob. w27 © 6 pr2n7 a -3 42 -2 
Prob. wall | oder zl wall Ce SE MeV 05.3) 


From Orsay experimental data the above branching ratio is 4 + 2% we therefore 
obtain |6| = 3.7 + .9 MeV. The phase of the w-p interference is determined 
by fitting the "shoulder" in o lete” > nn) near the p resonance; the value 
is 87° + 15°. If 6 is negative the phase of 6/(19 + 561) is 109°, which is 
in fair agreement with the experiment. 

We can understand the mixing as due to two effects: (1) The electromagnetic 
energy of uu is not equal to the energy of dd because of the difference in self 
energy of the objects and the difference of energy of interaction. (2) There 


is a contribution due to annihilation Py > y> Po ® +y Ubo YP Wes 


o o 


* 
We can get estimates for the two above effects from the knowledge of K Re 


®o 


K ~ and pt - p° mass differences and from P> Let the self energy of d be a 


and the mutual energy of dd be -b; then the self energy of u is 4a and the 


mutual energy of uu is - 4b because the photons act twice on double the charge. 


s = = + aa = * = 
From wT 7 (uu + dd), p_ = = (uu - dd), p = ud, x** = us and K ° = ds 
v2 ° JT. 
we obtain the following electromagnetic self energies 


p°: =(4a + a) - $ (4b + b) = 5a - 5b/2 

o 1 

w: =(4a + a) - 5 (4b +b) = 5a - 5b/2 

př: =(4a + a) + 2b = Sa + 2b (15.4) 
K“*:=(4a + a) + 2b = 5a + 2b 


b = 2a -b 


K“? =(a + a) 


But we also have a matrix element between <p°| and |w°> 


<p°|Am|u°> = (4a - a) - > (4b - b) = 3a - 36/2 


from this alone the mass matrix is 


Po Us 
aa i 
Po 5a - 5b/2 3a - 3b/2 


ws 3a - 3b/2 5a - 5b/2 
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Since K -K = 3a + 3b 
p -p° = 9/2 
* ki + 
we have 3a - 3b/2 = (K°* - K™°) - (p - po") (15.5) 


in terms of measurable quantities. 


t 
Note that in eq. (15.5) we have written p? instead of B this is only 


' 
to indicate that p? does not contain the contribution from the annihilation 


term which we calculate next.To first order in < the change in mass is given 


by 
p Y p 
=——SWWNWAN m 
2 hne? v v 
a =æ -7 <p|J | o> <o|J [p> (15.6) 
q 
or 
2 4 e? 2 
An = => F (15.7) 
P n P 
p 


ôm = 1.53 MeV 


Let x be the amplitude for l (uu - dd) + y , the amplitude for = (uu + dd) + y 
v2 v2 
is x/3 (see lecture 16). The mass matrix due to the annihilation term is therefore 


proportional to 


o o 
15.8 
7 2 2/3 ( ) 
o 
w x?/3 x?/9 


We already have one entry of this matrix, in = 1.53 MeV we therefore have 


for the full matrix 


Po vo 
Po 1.53 .51 
MeV (15.9) 
w 51 17 
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Adding the contributions from the electromagnetic self mass and from the 
annihilation term to the non-diagonal matrix element we find 
6 = 5 MeV + K“ - x") s (o* = p°") (15.10) 
and since 
~(0* = p°') = = (o* - p°) ~ 1.53 MeV wia 
5 = -1.02 Mev + (K™* - K*°) - (oF - p°) 
from data in the particle tables, a*t - K*?) = -8 +3 MeV and (et - p°) = 
-2.4 + 2.1 MeV. But we do not trust these results, especially the p mass 


difference, we only say that they indicate that ô is likely to be negative. 


The yp coupling of the form fre? Fy e e? is not gauge invariant and 


would give a finite nase” for the photon via 


Y P Y p Y p Y 
nw Ww ~— 


p 


The coupling is A'B, . However we can couple the fields Fiy of the photon and 


P» for example. It leads to 


line? Yow Y P ( 
4ne Cc, Cae 4, e, ) (qe qe") (15.12) 
= Vane 2 c (a e -e - (q+ eù) (q eP) 


which is evidently gauge invariant. Since eY. q is always zero we see our 


pole behaves like 


2 
Zay f) m 
G - e2 = > a ee e& +e’ - ef (15.13) 
o-n q- a, 


The latter term has no pole singularity and is "lost" in the background of 


other than pole term and effectively we can use a residue just proportional 


2 


toe’ -e(i.e.2Cm“=F),. 
PpP P 


Lecture 16 
Vector mesons (continued) 
We now return to our discussion of vector mesons. We can see what SU, 
gives for the ratios of the couplings a? given at the end of lecture 14. We 
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use the simple quark model (for counting only) and assuming the ¢ is purely 


strange quarks. J couples to QQ pair proportional to its charge 


1 5 -= l 32 1 1 
p = — (wu -dd)> — G-(-D)2*= 
VZ Z 3 a A 
1 - = 1 2 1 1 
= + n+ > + é+ ebat (16.1) 
"Oe i ya 
¢ = s8 > - 1/3 = -1/3 


Noting that these are values for the coupling F, and that g is the reciprocal 


we find 


Various people have tried to correct this for SU, breaking, but nobody 
really knows how. There are two questions. The first is, to what extent is 
the ¢ pure s3? I see no way to determine that. The low value of the 4 + 27 
branching ratio is interpreted in the quark model by saying that the ¢ being 
made of purely strange quarks finds it hard to go into non-strange objects (m). 
If so, all the amplitude to go to my comes from an admixture of the w state, 
(uu + dd)/¥2 in the ¢ wave function. In this way the amplitude to find w in 
the ¢ comes out to about .10, although there is some uncertainty + .03 as to 
how mass factors enter. This is only 1% probability, the state is 99% pure 88. 

Problem. Make a theory to estimate how much $ + 3w would be expected if 
it is due to the fact that > has a small admixture of w state; assuming (for 
no excellent reason) that ss cannot go to 3n. 

More important is the question of SU, breaking because the masses are not 
equal. For one example of ambiguities, should we compare F's directly with 
the SU, predicted ratios, or should it be F/a, » Or F /m? or what, which 
should bear the simple ratios? SU, cannot tell us and nobody really knows how 
to calculate it, although various guesses have been made. (I prefer F, /m, 
for a theoretical reason, but one which is really not profound or necessary). 
These questions probably do not strongly affect the p,w ratio, as the masses are 
close together. As you see the ratio 9 : 1 is not very far off, (and, in spite 
of the uncertainties, the ¢ is also about right). 
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+ - 
To summarize we exhibit the photon to s 1 amplitude near the pole of the 


90 Photon-Hadron Interactions 


p (the only one of the three ġ, w, p which couples to the pion) as 


<n |, o> = <n | p> > <p|J [o> 
q -m +ir m y 
P PP 
1 
Af (p +p. ) =m F 
pum lu 2y a air m P 
Pea Pep (16.2) 


2 
m 


(p, +p, ) 
q -m Zar n lu ‘2y 
(J PP 


when ¿= a’. One would ordinarily expect other terms (such as a direct 
coupling of photon to pions or various other "intermediate states") to be added 
to this. This, of course, would not change the behaviour near the pole (which, 
unfortunately for the p is not so definite as the width [p is rather large, which 
makes many difficulties in practice in fitting it, nevertheless in this theo- 
retical discussion we shall neglect it). Another way to say it is to suppose 

the numerator has a factor Ela?) which varies with Pa such that e(a = 1 or 
again to say the "constants" fna or 8, vary with a only their value at ae = 
a being defined. All these ways say the same thing so we shall not argue 

about then. 

Nevertheless a bold hypothesis has been suggested (vector meson dominance) 
that this expression with fonn’ 8p constant is all there is to it - there are no 
other terms. I see no good physical reason for this. It is made in analogy to 
another mysterious hopothesis of the same kind, PCAC, that works. There we do 
an analogous thing with a pion pole - but only extend it from a = a? = .02 
at the pole, to a = 0. Here we suggest eq. (16.2) is valid not only near Pes = 
a? but also for all a or at least to ac = 0. 


We know for long wave lengths the pion looks like a simple point charge 


2 +- + + 
so that as q > 0 (use crossing to convert <m 7 |3 10> to <1 RAL > we have 


+ + 2 
<1 [3 lr >= (Pit Pap?) for q > 0, (16.3) 
hence for (16.2) to be true we must have (neglect problems generated by Ip, 


or suppose Ip depends on a and vanishes at the (2m)? threshold and below). 
foun! By ar 


2 = 
Experimentally fonnt" 2.43 
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Py ees Fe 
p 
well within the 10% uncertainties in determining these quantities. 
It would also imply that the form factor F la"| for the pion, written 
+ + 2 2 
<m RAL >= F(a ) Piy + Pap) would, for negative q , have to be exactly 
+a’) T. We shall look at what evidence there is later - so far it 
looks very good. 
The idea is extended to the case of interactions with any state ~ for 
example in interactions with the nug leon the part due to isovector would be 


m 
<N|J [N> isovector = - — l 


7 <N| o |N> (16.4) 
P 4 -05 


2) 


p with polarization u. The term <N|p|N>, the coupling of a p to a nucleon 

is defined only at the p pole, and there has an electric and magnetic part so 
1 

we can write as <«N|cy, + CLF (y, Amy, ) I. Thus, expressing the lLsovector 

part of the current coupling in terms of the usually defined form factors we 


= v 2 v 2 i 
have <N|J [N> = <N|F” (a)y, + FY (a) = ar p n> 


c c 
1 1 2 

Cana: BARE Oe <n| oa > Cd-a) [N> (16.5) 
(1-q fo, ) p p 


Thus we predict that F/F, = C,/C, is independent of a (fair) and Fy varies 

as 1/(1-q"/m,”). This latter is not good, 1/0-4°/m °)? is better. Here we 

are testing (1) for large negative a - far from the p pole and it fails. 

Obviously VMD cannot be an exact principle for all i: But maybe it is nearly 
2 


valid from a = = to 0. We must discuss extensions of the idea and further 


evidence. 


A further conclusion from the nucleon case above is that C,/8, = 1. There 


is no way to get the p coupling to the nucleon, C, or C3» without ambiguity at 


1 
present (or ever? is it a matter of definition <N| p | N> cannot have all the 

particles physically on the mass shell!). Some knowledge, from mN scattering 
for example, exists for the ccupling of the p-like trajectory - or for what we 


call p-exchange - but the extrapolation from p-trajectory to p-pole exchange 


is ambiguous. The latter (p-pole exchange) has an amplitude varying as s but 


the terms associated with p trajectory exchange do not, and they are not supposed 


to in Regge theory itself. 


A similar expression using the w trajectory is to give the isoscalar 
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coupling, Since the mass of the w is nearly equal to that of the p, the 
isoscalar and isovector form factors should have the same dependence as a - 


they do even though this dependence is not the (-q"m,7) expected. 


Lecture 17 


Vector Meson Dominance Model (continued) 
In greater generality all three neutral vector mesons may be involved. 


For example, in coupling to an arbitrary hadron state we write 


-m 
<Hadrons|J [0> = > 1 (1 —) <Hadrons | V> (17.1) 
Væp ,w,> By g -mn +if m 
Fn v vv 


V with polarization ų 


(or of course by crossing for any transition hadrons X > hadrons Y) 


-m : 
1 v 
<x| J. [2 = > z, ( 7I ) ale (17.2) 
v 


ga, HT oy 


That the left side of (17.2) gives the total of all the ways that J, can 
couple is the general statement of the hypothesis of vector dominance. We have 
already seen how it predicted the pnm coupling constant. Can we do a similar 
thing for the $KK coupling, say KKT? We know that the current operator at 
= 0 might be written (P+ P2) with coefficient 1 because the charge is 1, 


so we have the sum of : (Kt |v) must equal 1. Thus if we write 
v 


+ - 
<K K |V> = f Kt Pit Pap) (17.3) 


we would have 


l = 2 fot Ey (17.4) 


The problem now is that although we do know the three &, (from experiment) we 
have too many unknowns in (17.4) to relate it to experiment. (The rate that 
o are implies fot é" = 1.47). We need some rule to partition the bits of 
current between p, w, and 9. 

A very suggestive thing to try is to express the quark model idea that 
the ¢ is pure 88, and thus couples only with the s quarks in a system. This 


d 
suggests we invent three currents a, J, J? which couple only to the u quarks, 
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the d quarks, or the s quarks (as though each had unit charge). Then, for 
example, the electric current (charges on u,d, s, are + 2/3, -1/3, -1/3 


respectively) is: 


Pe 1 l 
J t J -39 -39 (17.5) 


1 1 
Then, the p being iz (uu - dd), we define a "p-type current" as P= ir cs" - a4), 
likewise an w-type J” =7 a” + 54) and a ọ type, which since ¢ = ss is just p- 


J? hence for example 
pet pais . (17.6) 


E is split in (17.6) 


Now obviously we suppose the three pieces into which r 
are the corresponding vector meson resonant pieces of (17.5). This may be written 
in a very simple way, if the 8, really have the ratios of the quark model (Lecture 


14) we are saying, of course 


<¥| JY |x> = const. (17.7) 


where the constant, the same for all quarks is “2/8, A 


However we still must define in an experimentally definite way what J, 34, J, 


or F, Ih 3? are. We can use isospin, hypercharge and quark number (or 
rather, baryon numbers ) as three conserved quantities (each definite for a 
particular transition X + Y) to serve instead of quark numbers. Thus let J z 


represent the current of Z-component isospin; J current of hypercharge, J current 


of baryon number (equals 1/3 times the current of quark number) to write 


‘er E f +3 J+ 

z 
Bay +e ues (17.8) 
qe 2J 


(because if you substitute for example the quantum numbers of the u quark, I = 
+ 1/2, Y = + 1/3, B = 1/3 for the currents you get one for J, zero for Ji and 
I, etc.) 


Hence 
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J a era + J) (17.9) 


Ge J+, 


This then defines precisely what we mean by the currents in (14.5) and 
(14.6). 

For example, let us apply this to the K*KT decay of the ¢. We need the 
couplings of J? to Kt (we also calculate I J” for completeness). For the Kt, 
I = +1/2,Y=+1,B=0, so at zero a; 


«Kt t> = 1/v7 
<K*[a°|Kt> = fv (17.10) 
<K*|s* {xt = -1 


Thus combining this with (14.9) and (14.7) we see we must have 


Se 


ai 
6 


oye 


for te ~/8, ; fK +y-/8, = ; frt K “/8, = 


defining how the total of (1) in (17.4) is partitioned. At any rate we predict 


2 2 
(fy xh 4 / (8, /4n) = 1/9 


which agrees perfectly with the f 2 /4n = 1.47 from ¢ + K*KT and g, lén = 13.3 


ġ KK 

from ọ > ee, 

How slow is ¢ > 3n compared to w + 3n? ¢ goes 18% to 37m, but T is only 4 MeV 
so the partial width is only .7 MeV while it is 10 MeV for the w. Phase space 
is larger for the $ but more detailed analysis would require knowledge of how 
the matrix element varies. If e is the polarization of the vector meson 
and Pe Po» P3 the four vectors of the three pions the amplitude must be constant 
© op. ĉu Piv P26 P35" The "constant" for the $ has to be about 0.1 of its value 


for the w. 


Lecture 18 


as s8 
The ¢ appears to act as pure gs. What is the significance of this - or 


rather how can we define this in terms of quantum numbers or rules without 
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referring to the quark model? We don't know how. We try to say that it couples 

weakly to states which have no strange particles in them, so not to 3n but yes 

to KK. Yet such an idea "a state that has no strange particles in it" is not 

readily definable. Due to strong interactions a state like KK has no overall 

quantum numbers to distinguish it from 3n; in fact via virtual interactions 

the KK should couple strongly to 3n (for example through a virtual w, KK +> w +> 3r.) 

Therefore the question remains, what keeps the ¢ from coupling strongly with 3n? 
From the point of view of a quark model we might try to say that the ss state 

is selected from the J Guda) state of the w simply by the fact that s quarks 


carry a larger mass (or a different interaction energy) than non-strange quarks. 


So in lowest order of perturbation theory the eigenstates of energy are 88 
and t (uutdd). But then we find these states are unstable, and as a kind of 
v2 
perturbation they decay, it turns out with small widths. But this "perturbation" 


is not small - there is a coupling of and w? to every meson state (with the 


w coupling equal to - L. of the ¢ coupling). Thus for these virtual meson 


v2. 
states for example ¢ > KK + w there are diagrams 
K 
6 — x yY— w 


K 
which mix the >, w state. These diagrams cannot be calculated, (the above 
diverges quadratically) and no calculation of such virtual strong interactions 
in any problem has ever been successful. But usually the quantitative idea 
that if the states can be connected via strongly interacting virtual states they 
can go into each other is valid. The coupling constants EEk and fK are so 
large they would seem to have effects of order 1, that is, to strongly mix the 
original pure ss and 1 ura). 
v2 

Of course it is always possible that the world is simply complicated, 
that the combination ss is not isolated by principle in the beginning; but the 
very virtual interactions select some linear combination of ss and = (uutdd) to 
be the ¢ (and the orthogonal combination for the w) and it just a out that 
the combination is ss. 

Then perhaps it is really possible to understand why ¢ > my is so small, 


but is the smallness of ọ > 3m really obvious in this model of the state? 


But still more striking is the fact that this "accident" is repeated again! 
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For the mesons of spin at where the £(1260) goes nicely into 2n or 4m and into 
KK. The £(1514) goes predominately into KK and even into KK*+ KK* and not into 
mm in spite of the even larger phase space. (The quark model rates (Feynman, 


Kislinger, Ravndal) using pure = (uutdd) for the £(1260) and ss for £(1514) are 
2 


all high, but the relative proportions are right.) 


The experimental and quark model (FKR) rates for at mesons are: 


Experimental FKR 
£(1260) + m 120 MeV 244 MeV 
KK v8 13 
21'217 10 
£(1514) + KK 52 103 
KK* + KK* 7 15 
TT < 10 0 
nt 13 +7 
nn < 30 


NOTE: There are in addition two hadronic phenomena associated with the ¢ 
which are unexpected unless the ¢ is, like ss, weakly coupled to hadronic states 
of zero strangeness. The first is backward production of ¢ int +N+N + 9 

T N 

_ 

$ N 
It is very weak, as though the ¢ were not coupled to the N, N* (a nucleon 
trajectory) junction. Again p + p> ¢ + nm is very strongly suppressed 
(relative to p + nt for example) as though the $'s s and s cannot be made from 
the non-strange quarks in the other particles. 
VDM and Photon Hadron Interactions 

Complete vector dominance implies that the photon cannot interact with a 

hadron except as it first becomes a p, w or $, and then this p, w or ọ (say V 
in general) interacts with the hadrons. Thus we would expect to find some kind 


of relation between amplitudes like 


Amp (y + A> B) = Vane? 2% (V + A > B). (18.1) 
v 


There are several questions involved in using the formula. First, there 


are theoretical questions of meaning. Since y has r = 0, the vector meson 
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on the right side should be a virtual vector meson of a = 0, for which strictly 
no definition can be given. It might be argued that since mass on the initial 
state incoming particle might have the least effect at high s, (where E = p 
anyway for finite mass) this relation may be most nearly correct for real vector 
mesons on the right-hand side at very high s. Another related ambiguity is 

that the photon has only two polarizations, helicity + 1, so the equation has 
only meaning for the corresponding helicity + 1 states of V. But helicity is 
not a relativistically invariant concept and depends on the frame. Most 
theorists have come to the conclusion it is in the s-channel frame that the 

p helicity should be + 1. At any rate this uncertainty is reduced by going to 
large s also. Thus we shall, to avoid much complicated discussion, limit our- 
selves to comparisons to experiment at the highest energies now available. 

The next question is how we are to obtain the vector meson cross sections 
or amplitudes V + A > B, after all V meson beams are not. available. Sometimes 
theoretical arguments are available, but if they are too complicated they are 
not useful to test VDM. The most useful simple cases are : 

a) Pseudoscalar meson production, in particular p +N+7 +N. 

b) Diffraction (elastic) scattering from nucleons p + N + p + N or nucleus 
p + Nucleus > p + Nucleus. 

We discuss each in turn. 

We can study the reaction p + N + 1 + N by experimentally studying the 
reversed reaction 7 + N > p + N, which should have the same amplitude. This 
has been studied at 15 GeV and reported by D.W.G.S. Leith, Phenomenology 
Conference, 1971 (Caltech) p. 555. Naturally the p is not observed directly 
but mp > p? n is inferred from a complete study of 7 p +> nt” n looking in 
the appropriate mass region of the two outgoing pions. Some corrections must 
be made for pairs of pions, say in mutual s waves, which are not due to 
virtual p decay. However the data at low t has been nicely analyzed in detail 
theoretically and we can describe the results, and compare to VDM expectations. 

We evidently wish to compare these results to reactions like y + p + at +n 
and y N > v N is related directly by VDM to 7 p + v° n where v° is a vector 
meson linear combination of p, w, ġ$. Since the ¢ coupling to mesons is small 


we drop it, and the w ¢ interference. VDM then predicts for example that (by 
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squaring appropriate amplitudes) 


1 pdo + do - 
5 [ge Geer a) + GP (yn 7 p)] 


om p+ w] (18.2) 


meee Si do ;- 
4ne | 2 (0,4), ar & pre °n) ‘2 loj], Z ae 


p 
These (644) are density matrix elements to project out the helicity + 1 reactions. 
Data in the w reaction are lacking, but e le is about 9/1 so the second term is 
probably never large. In addition, at 8 GeV g (m p> p? n) is itself about 
10 times Eo p > w n) in the forward direction, so the w contribution might 
be as small as 1% to the VDM result. The same could not have been said of a 
p-w interference term (for an amplitude of order .l interfering with 1 can make 
a 20% effect, but its square is only 1%). That is the reason that the comparison 
is made to the sum of yp > a n and yn + 7 p cross sections - for in that sum 
the p-w interference term (from isospin considerations) cancels out (as does the 
o-¢ interference). 

The cross sections for all the helicity combinations of the p have been 
measured (and reported in the form of density matrices) by measuring the angular 
distributions of the pair of pions nn resulting from the disintegration of 
the polarized a. We also have data with polarized photors (perpendicular and 


parallel to the plane of production and so can make two comparisons. The vector 


dominance model predicts then, 


do, ez 
== (yN + mN) = “i [P te J% Z (rp + p°n) (18.3) 
85 
do 2 
lI 4ne do -- 0 
at (YN + 7N) = z (ey, - 014] ae (7 PP om) (18.4) 


p 
where do/dt (yN + 1N) means the average of do/dt (yn + n p) and do/dt (yp > nn) 
and the p's are density matrix elements in the helicity frame. The results of 
such a comparison appear as follows (polarization data for photons at 15 GeV 
are not yet available, but a guessed extrapolation from 8 GeV was made - this 
does not affect the comparison of the sum of o, and oa, which is of course 


L d] 


measured as the unpolarized cross section at 15 GeV). 
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V-t GeV/c V-t GeV/c 
The results are seen to agree in exactly the forward direction and generally 
for the unnatural parity exchange oy » but clearly disagree away from t = 0 for 
o,. Thus VDM as a general theorem cannot be exactly correct (barring the possi- 


L 
bility of an enormous w contribution in this region). 


Thus photons do not couple exactly as off mass shell vector mesons. But 
just how do they couple? To make progress we should study the nature of the 
deviations from a strict VDM and find their characteristics. For example had 
we a good theory, which at present we do not have - but should be able to 
develop - we could say why these various cross sections agree for y and for 
the forward direction, and why not for g? Perhaps some clues can be obtained 
from this example so we study it further. 

The values of t we are studying here are sọ small that single pion 
exchange ought to dominate both cross sectiong (i.e. y as well as p). If this 
were exactly true without absorption corrections we would expect a relation 
between the cross sections similar to (18.2), (18.3), or (18.4) simply because 


diagrams correspond: 
T N N 


Y N p N 
The only difference (aside from the nasi” difference of p, y and selection 
of the correct helicity amplitudes to compare) would be that the y is coupled 
f 2 
to the Piy + Poy of the pions via a factor /4ne and the p via foam’ Hence 


we would expect a relation like 


Amp (yN > 7N) = hyre? l Amp (pN + TN) (18.5) 


prn 
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to replace (18,1), and corresponding relations for the cross sections (i.e. (18.3), 


2 


). Therefore insofar as these relations agree 


2 
18.4) with 
( ) 8, replaced by fe 
for small t we have not made any new test of the vector dominance relations other 
2 2 
than that a Aș 8 » a test that we have already seen works very well. If 


that equality of coupling constants was an accident then the low t agreement 
wuuld only mean that single pion exchange dominates both reactions at small t - 
something we expect to be true on other grounds. 

On the other hand even at low t, V-t = a for example, the two theories 
deviate - how could that come about? The one pion exchange term must, of course, 
be corrected for absorption. The differences between oN and FN at low t most 
likely can be attributed to differences in the degree to which absorption 
wodifies the one pion exchange expectation. 

In the first place (see Leith's report) a fair fit to the p data is given 
by a one pion exchange model corrected for absorption (due to P.K. Williams, 


Phys. Rev. Dl 1812 (1970)) for the amplitudes that concern us this gives 


da, 


2 a -4 O ee 
slp, + P41] ae 7 290m, exp(10(t-m ")) [- 5] (18.6) 
and 
2 } al ee aota) (Seen i? (18.7) 
S teii T Oya? de r P x a? a2 * 
T 


We have already seen that the unabsorbed one pion exchange gives for 


these amplitudes (in connection with the discussion of photoproduction) 


Ay ~ 0 


and that ideal absorption would subtract 1/2 from each amplitude. This leads 

to zero A, if -t = a? and for large t equal amplitudes for Ars Ay and hence 
to an asymmetry that rises from 0 at t=0 tol att#= a? and falls beyond that 
to 0. This agrees with the asymmetry observed for the p, but not for the 
photon. In the photon case the fall off for large t is only moderate, to say 


0.5 or so. Thus for the photon it looks like a more appropriate correction 


for absorption might be to subtract more like 2/3 from the two amplitudes, 


(Thus the asymmetry is 1 for t = an? and falls to 0.6 for large t - not in 
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disagreement with experiment). We really do not exactly know why the sub- 
tracted term for absorption should always be the full 1/2. Possibly in 
this case extra contributions (isoscalar or isovector?) are contributing to 
the photon case to increase the 1/2 appropriate to the p case. The point 
here is an effect different for p and y and hence different from expectations 
of VDM (unless it could possibly arise from the w term). However the correct 
constant term to use is determined experimentally by the cross section for 
t = 0 which is just proportional to the square of this constant with known 
coefficients. This determines that the constant is indeed 1/2 to 10%. 

But a much more striking difference is the difference of Sy and ops 
This difference is already large at small t - the a drops off much faster 
than does Tapt Why? I don't know. I think the mystery here is why the bi 
falls so fast. In the fit to OPE plus absorption it was found empirically 


10 (t-m,”) 


that a factor e needed to be included in these cross sections. 


P. K. Williams had suggested such a factor for absorption effects but expected 


3(t-1 2) 
a much slower fall off (like e SHRON 


To what is such a rapid fall off due? 
Such a rapid variation is entirely unexpected. It is very possibly due to the 
method of analyzing the data. The effect of an amplitude to produce a pair of 
n's in a mutual s-wave (not a p) has to be subtracted away. The value of Pi 


near -t = n? is especially sensitive to what is done here (at t = 0 or -t^ 10m? 
it is not sensitive.) Nevertheless there is a contribution to natural parity 
exchange which is different for y and p (violating VDM). How can we make a 
theory of where and when such deviations should arise? We leave it as a 


problem to analyze this in more detail. One obvious possibility seeing the 


large number in the exponent is to be reminded that total absorption effects 


(as seen in elastic scattering) do fall off as expbt with b of order 8 or 9 

for m nucleon scattering. So perhaps a careful analysis of absorption, or 

also of the possibility that the source of the pion is indefinite by the size 
of the nucleon or the p, will explain it. The point of explaining it, however, 
is that the drop off is much slower for the photon case. Therefore whatever 
the cause it works differently in p and y pseudoscalar production. In its study 
lies the possibility of understanding physically where the ideas of VDM go 


wrong. The problem cannot be difficult - the effect shows up for small t and 
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hence for large impact parameter and therefore in a realm where physical 


phenomena are usually understandable. 


Lecture 19 


Diffractive Production of P, w, ¢ 


The next topic we take up is the diffractive production of vector mesons 
by photons. At first we study the p meson for more detailed data is available 
here. I will not go into as much detail in the results as we are accustomed 
to - for a full recent report see: 

Wolf: 1971 International Conference on Electron and Photon Interactions at 
High Energy, Cornell, Ithaca, N.Y., (1971). 

Our main concern will be a comparison to VDM. 

The p? production in yN > p°N looks very much like diffraction scattering, 
the cross section approaches a constant at high energy and has the typical 
dependence of such scattering. But how does the photon diffract into ap? One 


answer is provided by VDM, from the expected amplitude relation (18.1) we expect 


do o bre? do , o o 
e ERR ae ae Ne) (19.1) 
p 
(because of I spin change it is expected that wN > p°N or oon > p°N will fall 
rapidly with energy so only the p term remains). We do not know directly the 
cross section of p? on nucleons but we can expect it to be a typical elastic 
scattering. 
A crude use of the quark model supposing the quarks to scatter independently 
of their spin direction and to be similarly distributed inside the p° and 1° 
suggests a (p°N) = o(nN). This latter is not known by direct experiment but 
isospin gives it as > [o(1 N > n N) + o(n*N > nN) ]. It does turn out that the 
total cross section for yN + p°N varies with energy in just the way ł [o(n*N)+ a(n N)] 


behaves. In fact the total cross section is given correctly by this rule and 
equation (19.1) with s = 2.8. 
There is a 15% uncertainty because the observed process is yN > N + nt +r 


and there are uncertainties in interpretation due to so-called Deck-type diagrams 


in which the y becomes two pions not at the p resonance and one pion scatters like 


Vector Mesonsand Vector Meson Dominance Hypothesis 103 


instead of 


A strict adherence to VDM would, as far as I can see expect the analogue 


for p scattering to 2r via 


but the point is in estimating just the effect of the simple p elastic scattering 
go we can use our n° scattering analogy. 

This idea that yN + pN tells us about pN > pN permits us to summarize the 
behavior in another way. The polarization of the p coming out can be measured. 
It is very nearly purely transverse and polarized as the incident y ray. This 
is excellent evidence that the process of elastic scattering (also called 
pomeron exchange) does not change the helicity in the center of mass system. 

w production. Here the diffraction term is smaller so other processes are also 
effective, in particular one pion exchange at the lower energies. The natural 
parity exchange has besides the pomeron exchange also possible Ay exchange so 
the purely diffractive part has not been separated out yet for a clear test. 

¢ production. The experiments show some inconsistency but data is available. 

One way to test the relations of VDM is to compare the forward differential 
cross section for yN + VN with the forward differential cross section for 
VN > VN. This latter can probably be estimated fairly well from the optical 
theoreom using quark model estimates for the total cross sections for VN. 


(The quark model estimate for the p, w and ọ are: 
on(pp) = on(wp) = È [o,(a*p) +o,(np)] = 28 mb at 5 GeV 
T`PP pep! = g lopin P? topi p 


+ = + 
Op (OP) = o,(K p) + Ty (K pP) - O_(n p) = 15 mb at 5 GeV.) 


This gives a fit with gy /4n = 2.6 + .3, 2, = 24 +5 and By = 22 + 6. Only 
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2 
the By seems too big. It could mean the quark estimate of o N is too big - 


q 
10 mb would fit better. 


Lecture 20 

Diffraction production of vector mesons can also be seen, and more 
copiously and clearly from y on nuclei, A. (Reference: K. Gottfried "Nuclear 
Photoprocesses and vector dominance", Cornell Conference, 1971.) There are 
difficulties for the w since the final 3n state is hard to measure, and the p 
is so wide that theoretical questions of interpreting data are involved. The 
clearest case experimentally is ọ production, however much more data exists 
for the p. In these experiments on p production observations are made of 2n 
production by photons on nuclei, of course. A beautiful resonance in mass of 
the 27 is seen at the p mass. It is asymmetrical showing the interference 
effect with w + 2n just as in ete” production. 

The $ data is now good. The dependence on A, the mass number of the 


nucleus, gives us some idea of p’ and the absolute cross section permits a 


determination of By However an uncertainty arises for the results depend 
sensitively on the choice of an unknown quantity, the real part of the 
Then the data 


Let a 


forward $N scattering amplitude f - Inf, ,/Re £ 


oo" oN $9" 
is insufficient to determine all three quantities By /4, Oy» and one If 
By /4n is its Orsay value 13.3 then we can only conclude that a may be 
perhaps from -.3 to -.5 and TN in the range 8 to 14 mb (at about 7 GeV), 
possibly a bit lower than the quark model rules would suggest, but little 
can be said. 

The p data is more extensive. Here the large width causes some confusion 
as to what part of the data is to be attributed to p production. Again we 
have three parameters 8, /4n, ToN and aN’ One gets agreement with expectations 
if we choose oN = -0.24 (but it is not well determined), The data gives 
the "good values" (at 8.8 GeV) g, /4n = 2.6 and oN = 27 mb. (But oy is not 
well determined and results depend on it.) Therefore the phenomenon of vector 


meson production exists and behaves closely like a diffraction process, and 


could well be in quantitative agreement with the VDM. Does this test the 
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model? I think not because formula (19.1) applied to diffraction scattering 
can be derived (at very high energy) from another hypothesis - namely that 
the elastic scattering of the p is much larger than diffractive dissociation 
scattering of the p (the process by which pN > p*N where p* is some other 
state of the same isospin as the p, and which survives as s > œ), Such 
diffraction dissociation (as NN + N*N or nN + m4N) are in other reactions 
perhaps only 30% of the elastic scattering from the nucleon so there is 

no reason not to assume it for the p. Furthermore for the p we shall only 
have to assume that the part of diffraction dissociation to those p* having 
spin 1” (like the photon) is small compared to the elastic. There is also 

a direct experimental confirmation of the fact that yN > p*N where p* is 
any isospin one, 1 state, produced in a diffraction dissociative way does 
not fall with energy. 

For production on nuclei our assumption (of the dominance of elastic 
diffraction dissociation) is ever more true as A rises - for the elastic comes 
from diffraction from the shadow of the entire nucleus - whereas the 
particles produced by dissociation can come only from its edge. 

The point is it is not dominance of the y to p that we require for 
the validity of equation (19.1), it would also follow from dominance of 
p > p in the products of the diffraction of p on nucleon and nucleus. 

We can see how this works most clearly in the case of scattering from 
a large nucleus where our assumption is most nearly valid. Instead of 
considering yA > pA analyze the reverse reaction pA > yA and compare it 


to pA + pA. The high energy pA scattering appears, in say the c.m. as follows: 


HINI 


The waves of the incoming p come in from the left and fall upon the 
nucleus where they are absorbed. A short distance (which can be many 
wave lengths if s + œ beyond the target say at the dotted line the wave 


function is nearly the original p wave function with ahole as a function of 
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b, the impact parameter. Beyond that the waves slowly diffract into the 

shadow in a way determined by Huygens principle. If 1 - a(b) is the ampli- 
tude to find a p at b (so a is near 1 for b smaller than the nuclear radius, 
and near 0 beyond) the amplitude for an outgoing wave of transverse momentum 


1Q-b 


Q is S(l-a(b)) e db = f(Q). The amplitude at P is 


Ņ Œ) = f(l-a(b)) em d?b approximately (20.1) 
Of course the 1 gives only the forward beam and doesn't interest us - it 
is just as if the p came out only across the face of the nucleus. To be sure, 
if the p were not a point particle but say made of parts (indicated by the 
braided line) we could not precisely define everything in terms of an amplitude 
to give a p, but would need a function of all the parts as variables. But 
clearly for b outside the nucleus the parts are in the same relative amplitude 
as in a p - only near the edge is there some distortion of the relative behavior 
of the parts - and so a projection possible into some other than the p. But 
the amplitude a(b) is clearly that for a p except near the edge; so that elastic 
scattering is much larger (for nuclei, at least) than diffraction dissociation. 
Now we have noted from experiment by ete” that whenever we have a p 
present there is an amplitude that this p will disintegrate to ete” (via a 
photon) and therefore there is a source of the electromagnetic field - a current 
given by jy = Vine? F ramp. to find p polarized in direction u, (F, …=- M g). 
Thus in our problem at each point P there is a current source of electro- 


magnetic field of size Ņ(P) - thus the total amplitude for finding a photon 
-ik -P 


going out with wave vector Kout is Sy(P) e out aP. If we substitute our 
-ik_ <P 
expression for (P) in this the convolution of ere and e out just 
eeu 1 2 2 2 
gives e ey ae Tey (But kv = n and Küt = 0) so we eventually get the 
outgoing amplitude £8¢° photon is 
V bre F Aie ‘Py 
—z* Sf (l-alb))e db (20.2) 
m 
P 


where Q is the transverse part of k . The integral is the same as for the 
out ou 


t 
p elastic scattering so the amplitudes are proportional - the cross sections 


must bear the ratio 4ne'/g, 


One can of course carry the mathematics out in more detail separating 
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the z and transverse momentum carefully to see just how the assumption of 
high energy is valid. It is easy to understand if the diffraction of the 


wave into the shadow is omitted. Then the wave going forward behind the 
ik®z 
Z (l-a(b)) where the incident p is of energy E and 


shadow is just e 
kp = ve m =E -a */2E. The amplitude to make a photon of energy E, transverse 


momentum Q, hence longitudinal momentum ky =E- Q2/2E as 


2 PY 
4ne” F i(k" -k')z 1Q°b p 
— t fe Z? (l-a(b))e Lab 
ZE 
n 
aner r sf ane? Po G63 
— fM. —zr > fW S 
12E(kf-kY) n, *-0 


A 1/2E factor has been included to take account of the relativistic 1//2E 
normalizations for the incoming and outgoing particles. The a” - 2 is wrong 
here, the effest gf diffraction into the shadow makes it a? (as though the 

k? were E - ria for p's moving in this direction). 

It is evident that the polarization of the y is the same as that of the p 
for this process. This feature has been checked experimentally very carefully 
and is very striking, the p polarization produced by polarized photons is nearly 
purely that of the photon. 

Often it has been suggested that VDM predicts its formula (19.1) via a 


diagram like 


y 
ye 
Nucleus 


suggesting the photon becomes a virtual p of zero aî, and hence that the 
coupling Fo (or - n,’/8,) should be that appropriate for a? = 0 instead of 
ae = n? where it is measured in ee It is a test of VDM to find that this 
constant is unchanged in this range. But we have seen, by consideration of 
the reverse reaction, neglecting diffraction dissociation that the appropriate 
constant should be that of n? and no extrapolation is involved. 

J. Mandula has confirmed my argument by an argument from dispersion theory 


and the reduction formula. 


The assumption of neglect of diffraction dissociation comes in here. Near 


108 Photon-Hadron Interactions 


the edge, the parts of the p may not be in precisely the same relative motion 
to produce ap, but they might still produce a photon, Clearly this is small. 
It means an interfering term of order Pana times the amplitude to make p* 
where (Fox is the coupling of p* to photons) summed on p*. For nuclei at least 
it must be small coming only near the edge. The point is not so much that Foe 
is small (which it may be, as so little p* seems to be produced by photons on 


nuclei (which measures F ) but that the number of p* produced by p via 


f o 
p* “pan 
diffraction dissociation is small. 
Other Tests of VDM 
If VDM were correct we expect the photons to have amplitudes 1/8; to be 


various vector mesons so that the total cross section of y's onp is ug 


times the total cross section of each of the vector mesons. We expect 
2 


4ne 
drot (YP) = 2 A rot (VP) (20.4) 
thot & 


(neglecting possible interference effects of w and ¢). This is dominated by 
the p (because of the 9:1:2 ratio of y and o(¢p) is small). We estimate 
9, (op) = o, (up) by the quark model as equal 3, (1°P) (a scheme which we checked 
in our o(yp > Vp) considerations above). We find experimentally that pop (YP) 
is too large by 40%, as though other processes were available to the photon to 
interact with the proton besides going through virtual vector mesons. 

A very similar check giving precisely the same result is to use eq. (18.1) 


to say 


A(yp + yp) = V bre” > = A(yp > Vp) (20.5) 
V 
V 


Again the dominant term is the p. Independently of the relative phases we 


get the inequality 

do /dt (yp > yp) < ane” >` +5 Z (yp > Vp) (20 .6) 

Psw, 

The quantities on the right hand side are available directly by experiment. 
The dependence of do /dt (yp > Vp) on s (from 2.7 to 5.2 GeV) and on t (from 
0 to .4 Gev?) are well represented by the right hand side, but it ie always only 
about 1/2 of the experimental cross section! Thus VDM fails here. 

This is in accord with the 40% error in the total cross section text, for 
the optical theoreom relates do/dt (yp > yp) in the forward direction to the 


square of o (yp) (assuming something about phases). 


tot 
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Lecture 21 


Shadowing in Nuclei 


How should the total cross section for y+ Nucleus vary with the mass 
number of the nucleus A? We know for collisions with hadrons nuclear matter 
is nearly opaque (because o hadron-nucleon is comparable to the spacing of the 
nucleons) and therefore the cross section for A nucleons is not the sum of 
a contribution from each (hence Prot ~ Ao nucleon) because nucleons in the 
front shadow those in back so ultimately for large A it goes as the area of 
the nucleus or a2/3 , 

On the other hand for photon-nucleus collisions a first glance would 
suggest that the nucleus now being transparent is, nucleon is much smaller than 
nuclear spacing in a nucleus) each nucleon would see the full beam and hence 
the cross section would go as A (times the simple nucleon photon cross section). 

On the other hand the VDM shows that this latter conclusion cannot be 
right in general for it is incorrect if the VDM is correct. A photon amplitude 
should be proportional to the p amplitude - the latter is a hadronic amplitude - 
hence the photon cross section proportional to the p cross section and therefore 
varying as 42/3 (I neglect the contributions of w and ġ in this qualitative 
discussion, their contributions are easily reinstated). 

The reason is that in the simple view we imagined the interaction 
y + nucleon = X to be a local process of y on nucleon, the y interacting near 
where the nucleon is located - but VDM reminds us that this ís not so. A y 
can become virtual hadrons (e.g. 2m, but most importantly a p) far away in 


front of the target, and the virtual hadrons propagate a long way to the nucleon 


to interact. A real photon is a pure ideal photon plus a virtual hadron with 
amplitude 1/AE according to perturbation theory where AE is the energy difference 
of the state of given momentum as photon and as hadron. Thus if it is a p 

the energy is vitn” while that of the photon is v so AE = vita, - vA n/2v, 
very small for large v. This is also the distance ahead of the nucleon where 

the photon-hadron conversion occurs. If this is large compared to the mean free 
path of p in the nucleus then shadowing occurs ca2/3 ), if it is small, no 


shadowing (A). 


The physical idea can be seen best first for a simple model consisting of 
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two thin slabs a, b of nuclear matter one in front of the other by d. We shall 


calculate according to VDM. 


If ap were impinging suppose the small probability of being absorbed 
in the first layer is fa in b alone if p impinged fh But the probability 
that the p gets tob is (1-£,) so the product made in b is (1-£,) f° The 
total cross section is thus £ t(1-£,)f, = f tf -ff the last term representing 


b b 


shadowing. 
Let us calculate the probability for any products made in b if a is present 
by photons via VDM. If a is not present the amplitude to find a p at b 


making product is proportional to the amplitude the y converts to p at x 


A [are FY) and then the p arrives at d. This is 


P 


(the phase has been taken relative to the photon phase at x = d i.e. the 
above expression contains an additional factor exp (ik 4)) where the k> k, 
are the k-vector for y or p at the same frequency. Hence ki - E5 a */2v for 
large v Ck). 

When a is present (21.1) is valid only for d > x > 0. For x < 0 we have 
the additional factor for p to get through a = VI F 1-£,/2. Thus for 


x < 0 we have 


i(k. -k_) (x-d) 
A Jáne? r OED e Y? (21.2) 


The total amplitude (integrate x) is therefore proportional to 


Nf ane” F f -i(k_-k_)d 
at Ts a é yY P (21.3) 
yY P 


The main term has an amplitude proportional to 


; pene 
Ay 4re H ` Alr 
m 2 8 


expect, the term in shadowing fa comes in various phabes - and in a more complete 
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problem with a continuum of layers would cancel out for (k k,)d > l. 

Thus the criterion for scattering involves v, shadowing should be complete 
for v> œ 

One zan extend this easily to a thick layer in one dimension. We seek the 
amplitude to find a p at x (for that will later be used by squaring and suming x 


to get the total cross section. 


YM 


eee gee a 


We have two cases y < 0 and y > 0 

y <0: y converts at y, propagates as p to 0; propagates as p in medium to x 
y> 0: y converts at y, propagates in medium to x. 

The amplitude is proportional to 


i(k -k -i(k -k ' 
(k ky (kk, "0% 


e e ron 


ilk -k ')y -ilk -k ")x (21.4) 
ee Ae A Y P y> 0 
(the phases have been taken relative to the photon phase at x, i.e. the above 


expressions contain the additional factot exp (-ik x)). 


Integrating over y the amplitude at x is 


k -k k_-k 
Y Pp Y P 


igus as hes 7 1 (e iS 
Here k," is k in the medium. At very high v it has an imaginary part (representing 
absorption) which is finite and fixed, the real part goes, of course with v, but 
may differ from it by a finite amount. Thus as v > œ, ke '7 k a fixed 
number (whose imaginary part gives the p absorption cross section and whose 
phase is the phase of forward p nucleon scattering). 

Thus if kk = a << k, the first term in (21.5) dominates and we get 


exact proportion to p absorption, hence absorption. 


A full calculation including the spherical geometry of the nucleus has 
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been made. They show a v dependence of Oe op 6A) /Ao (nucleon) for various nuclei 


(see Gottfreid's report). 


5 10 15 20 v(Gev) 


The data does not show much v dependence - (but it is not far off, 
experimental errors are large enough, and the experiment is very hard at 
lower energies) but not outside expectations - however the asymptotic values 


of Crot (A) /A0 are closer to .87 for C, .75 for Cu and .60 (with large 


tot (N) 
error) for Pb. 
These are all understandable if the total cross section is considered 
70% VDM and 30% something else; (as we have seen is true) and if the something 
else goes just as A purely, showing no shadowing. Then the asymptotic 
(for v + ©) values of Fe ot (A) /A0 (N) should differ from 1 by only 70% of the VDM 
theoretical value for this difference. 
Measurements also cg Wie) virtual photons, For them ar = me and 
k; =v- t s0 kE = #2. Thus we expect from VDM that we again get 
a v dependent shadowing, the parameter determining the extent of shadowing 
being (m? + QÊ) /2v instead of a2 /2v. No v dependence of shadowing is seen 
(in Au for = 0.5) in strong disagreement with VDM predictions. If we correct 
VDM by allowing a certain percentage of "other processes" which do not show 
shadowing, of course, less shadowing is expected. But we should also note the 
fraction of something else must rise with g. The p amplitude falls as 1h? + g) 
so VDM cross sections should fall as E + 92), The actual cross section 
probably falls only as q? for large o (see later) hence the fraction of photon 
cross sections which can be associated with virtual vector meson production 


(VDM contribution) must fall as photons become more virtual. Thus the results 


for Au are not surprising. 
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To Summarize the Position of VDM 
Interaction of photons of small a (or P = 0) is very strongly influenced 


by the nearby poles at the mass of the vector mesons. Substantial parts of the 


interaction can be understood as being due to intermediate virtual vector 
meson coupling - but, of course, not all the coupling can be so described 
(for example only 70% of the total yp cross section at high energy is so 
described). 

In the special case of the coupling to pion the dominance is more complete, 
as evidenced by direct experiment ere” > an (showing mainly the p, w peak; 
not a large background and not much else resonant has been found to a = 4Gev2 
and by the fit of constants de = By: (This will be discussed further in 
lecture 24, in reference to the dispersion theory of the pion form factor.) 

Finally measurements exist on nuclei for photon production of incoherent 
Po C-t > 0.1 GeV) as well as for production of other particles such as r, 7 
and even 1° (also Kh: Here the theory is complicated by a number of features - 
such as the absorption of the particle leaving the nucleus. The VDM theory 


predicts rapid variations in A, with energy, whereas experiments indicate 


ff 
only a small variation, if any. (See Gottfried, Ithaca Conference (1971) and 
Diebold, High Energy Physics Conference at Boulder, April 1969). There is at 
present no explanation known for this discrepancy - its study would make a 

nice problem. I doubt that the fact that the y couples only partially to VDM 


is sufficient to account for the large discrepancy. Some item in the theory of 


these incoherent final states is probably involved. 
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Lecture 22 


Electromagnetic Form Factors 


Nucleon: The matrix element for the interaction of an electron, say, and a 
proton involves the diagonal element of the current operator <pl J |p>. Using 


relativistic invariance and gauge invariance this can be written in the form 


z 1 
<palJ lp > = lv F + 5 yay) Falu 


where u. u, are 4-spinors describing the in and out proton of momenta Py» Po 


1 


momentum transfer q = Po ~ Py: Fi and Fy are functions of ar only. Other 


linear combinations of F, and Fy have also been defined, most used are (the 


1 


so-called electric and magnetic form factors) 


2 
G = ra /2M)F, 


Gs Fi + 2MF 


M 2 


clearly as a >0 Fi is the charge: (0) = 1, (0) = 0 


Fi proton Fi neutron 


and Fy are the anomalous magnetic momenta. Hence G, (0) = 1 for p, for n 
G6, (0) = Hp is the total magnetic moment. 
These have been measured by scattering electrons from protons elastically. 


The first order amplitude is ( 4? u3 are electron spinors) 
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2 
_ 4ne 
(u, Yu uz) Ee <p3l3 lP? 


ep, PoP 


eP3 P,P 


The cross section arising from this is: 


(Rosenbluth) 


In lab 
Gg +r Gy 
o(8) = 6, (@) + 21 G 
NS l+t 4 
4 2 
e cos 06/2 igh E 
ays (8)* JE : T q far 


aE” sin“ 0/2(1 + JE sin” 8/2) 


2 
-q = 


By varying both Ey and 6 we can vary ae and @ independently, and thus 


verify whether the bracket in (22.2) does vary linearly with tan? (80/2) for 


fixed a It works well, so both Ge M 


Data for Gy is more accurate than Ge: 


deuteron wave functions make the determinations, especially of A 
n 


less certain. 


2 tan” (6/2) 


14 =" sin? 0/2 


and G, can be extracted for the proton. 


For the neutron uncertainties of the 
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(22.1) 


(22.2) 


(22.3) 


Higher electromagnetic corrections do come in, especially effects from the 


bremstrahlung diagram 


e P 


but they are largely understood and allowed for. This is an important but 


tedious correction to the data to get the ideal photon exchange cross section. 


Experimental results are usually described by giving deviations from a set 


of completely empirical approximations, namely that 


G G 2 \-2 
G = P a M a |L 
Ep up My .71 


The latter function is called the dipole function G)- 


Most accurately known is Sip Mp: It vaguely follows the function Gp: 
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2 
For small a it varies as about 1+ (2.6 + .1)(+q ), very close to the dipole. 
2 2 2 

Cy, Gy a 1.08 for 1 < -q < 6. Above -q = 8 ae the ratio falls below 1. 
Thus Gy falls somewhat faster than 1/4% for large -q . 

The equality Cun Mp = Cup /Mp as within the accuracy of the neutron 
data. 

2 2 

For the neutron Gam at q = 1 is .0045 + .0043. 

One can fit with Gen” Gun (T/L + 10 1)). 

Neutron-electron scattering at low energy (using electrons in atoms) gives 
about 

2 
dc, (Q) 
ab hae = 0.9 u fa 


d H a =0 


For the proton Cep’ Euph? falls for larger a near 2 or 3 so if put as 
P 


2 
1+Aq,A is perhaps .8 (large error). It is not possible that G, = Cup™ 
P 


Ep 


for all ac, for at a = an? the definition of these two G's in terms of Fy and 


Fy become identical, so unless Cip and Sup vanish here (which is very unlikely) 
we must have Gip = Sup at a = om? Thus Sep! Cup/”p? = 2.79 at a = + am? 

and =l at a = 0. 

The simple ratios among Gip” Sun, Gip’ Gen which are nearly right would be 
expected by pure vector meson dominance (assuming the mass of p and w equal, and 
that ¢ couples only weakly to the proton). However, all the form factors would 
be multiples not of Gy but of the meson propagator M 7-9") = (1+ Q7/.58) 72. 
This supposes that the photon couples to a point charge nucleon via the p. Thus 
it has the wrong large o behavior arr. Its small o behavior is 1 - 1.7 Q2 
instead of 1 - 2.6 Q. It is, of course, not expected that VDM continue to 

work as we go to negative C further and further from the pole at g = m. 
But there is little doubt that the large size of the charge square radius 
(i.e. the coefficient -2.6 of Q’) is contributed to a large extent by virtual 


e's, It is not really clear why these ratios do maintain their values at 


= 0 out to o = 2 or 3 Gev? as they do to 10 or 20%. 
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Electromagnetic Form Factors (continued) 


We can gain some insight into the meaning of form factors by looking at 
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the non-relativistic case. For a spinless system the form factor is just the 


momentum representation of the charge density. 
£(Q) = [ow ef OR a% = fow 4rrdr (sts. 24 (23.1) 


Expanding in powers of q for small ê, with p(r) normalized so that 


f: (r) 4nr?dr = l] we get (sinQr/Qr = 1 - qĉr?/6) 


£(Q) =1- ł g DEE ak, (23.2) 


where r 2 is the mean square charge radius 
a = fe o(r) ane ar 


An exponential et 


£(Q) = (1 + rg eo Wa The qé dependence says the slope at origin must be 


for the charge density gives the dipole distribution 


finite not zero, It is, however, not a valid conclusion to use non-relativistic 
views to study large g. Nevertheless the conclusion is essentially correct. 
Relativistically the fact that as Q > the form factors go to zero 
means that there is zero probability to find the proton alone as a point charge. 
This could result in field theory either from there being no ideal field entity 
(parton) with quantum numbers of the proton, or else, if there were such the real 
proton is always dressed, it has zero qmplitude of being an ideal proton. 
To make a relativistic analogue of a thing like the hydrogen atom (whose 
charge distribution is e “T) we imagine two spinless particles held together with 


a spinless Yukawa potential generated by the weak exchange of some scalar meson, 


then (1) the non-relativistic wave function shows 8 et behavior, (2) the 
form factor varies as vat for large Q. 


For example, let one particle A be charged of mass m,, the other B neutral 


1 


of mass m held weakly non relativistically. The mass of the proton is near 
LN + a and neglecting in zeroth order the relative motion the incoming proton 
My 
M 


Finally we want a bound proton of momentum Po hence parts of momentum AP,» bp: 


of momentum P,» means A has momentum apy and B has momentum bp, (a = ,atb=l), 


We do this by hitting A with the very large Q = Py-Pos whereas for the proton 
ultimately to hold together Pq must change only by aQ, hence an amount of 
momentum bQ must be passed over to b (by an exchange of the meson responsible for 


interaction of A and B. The diagrams are 
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2 bp, 


P. 
aP2 aP, 
bp, B , Py B 
ap son bQ ap i 
l 1 A 
a7 
Q 


The two propagators each give ue for large g? hence 1/9" for the form 


factor. Thus the first diagram is 


1 1 - 2 
(ap, +0)? WD? b 
the second 
1 1 a 


GD? D? b 
at large g. 

If vector mesons are exchanged between a particle of spin 1/2 and one of 
spin zero, a re appears in the numerator due to magnetic coupling. 

Non relativistically if a system is made of 3 particles, the large o 
asymptotic behavior depends not on the singularity when just two come together, 
but rather when all three are on top of one another. 

As we shall see, such pictures are too simple and inadequate. We are only 
making very naive models to compare to the non-relativistic ideas. They will 


not agree with the inelastic scattering. 


Lecture 24 
Pion Form Factor 
Data exists also for the pion form factor, for a < 0 (spacelike) 
+ + 2 
<m |3 r> = (py + Py), FQ), (0) #2 (24.1) 
It is best obtained from the reaction of yp > nan produced by a virtual 


photon (generated by electron scattering). a 


P n 
By going to sufficient energy one can obtain a region where virtual pion 


exchange is most important - and that this virtual t has as nearly zero a? 


(and is therefore as close to its mass shell as possible). The coupling of the 
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virtual 1 to the nucleon is known in this region @innY5? Ke = 15) so the only 
unknown is the photon-pion coupling between a real 7m and one that is nearly real, 
but a large momentum transfer Q. 
Data is available out to a = -1.2 where Fi has fallen to 0.28. This 
is just about exactly (for no known very good reason) the isovector part of 
the nucleon form factor Fip la which also fits oy pare g. It will also fit 
fairly well to the pure VDM or p meson pole (l + 2) » which is .32 at 9? = -1.2, 
but not at all well to the form factor Gp of q which is too low (.15 at Q = -1.2). 
We have already discussed this form factor for positive a” where it has been 
measured in the reaction es > ar. We have an experimental curve which is 
dominated by the p pole expression (with small understood corrections for the 
w-p interference, etc.). It is interesting that an extrapolation so far into 
negative g still works reasonably well. The rate ete + or measures, of course, 
only the absolute square ERCHI not the real and imaginary part separately. 
However the shape of the curve (p resonance) is so simple that our physical 
understanding may make a separation into real and imaginary parts not hopeless 


2 
(e.g. we wrote previously, for the part near the resonance (-m,7/(q a,” 


+ ifm 

r p)? 
‘and had some guesses as to how l varied with a If this can indeed be done we 
would have information now known or soon available on raD over a large range 
of a both positive and negative. We can then check the hypothesis that every- 


one believes - that r (q) must be an analytic function of its variable a with 


a branch cut along the positive real a - i.e. that Fi satisfies a dispersion 


relation. 
œ 2 2 
mF (q' ) dq' 
raD -1f EAV INE (24.2) 
q -(q')” + te uan ) 
(ay)? T 


F(q?) has an imaginary part only for £ > (2u)? where at least IF 01? is 
measured. A check on a guess for the imaginary part would be to compute the real 
part from (24.2) for a > 0 and check lF I (alternatively a much easier equivalent 
method is to fit lr, |? by choosing physically appropriate analytic expressions 

for the complex function r (4). Then, having established a reasonable 

In F te one calculates F (qô) for negative a” (where it is real) to compare to 
experiment. We already see that it will work well - in the positive a” region 


2 
the main feature is the p resonance and up to rather large q no other resonance, 
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in fact not a large production, has been found. 

Below the inelastic threshold a = (4u)? (and in practice probably some 
distance above it also) the phase of F (q^) must, by first order unitarity, be 
the same as the n-n scattering phase shift. Information on this is recently 
becoming available from pion-virtual pion scattering analyses. This may help 
in analyzing the dispersion relation. 

How should we expect PD to go for large a2? It must fall off because 
the probability of producing just two n's where so many other states are 
available must be very low. The isospin current generated by the pair of pions 
must be coupled to other hadrons and we require this coupling not to radiate. 
As we shall understand better later, this leads one to expect Fi to fall as some 
power of a? for large a; but we do not know the power. However, these con- 
siderations make it not so suprising (granting the experimental behavior of 
F(a) for positive a2) that for negative i even out to -l.2 the expression 
is close to the p pole formula (which arises from (24.2) if most of the imaginary 
part is near a’). 

Sum rules result from the following considerations. If the unsubtracted 


dispersion relation (24.2) is valid, since we know F (0) = 1 we must have 


œ% 


2 2 
1 Im F(a’ ) dq' 


=1 (24.3) 
Edo RE 
(2u) 
a "sum rule". 
2 2 2 
If we put q > œ in (24.2), we would expect F(a ) to go as 1/q times 
1 


== J In F(q'*) dq'? (if C) went more slowly than 1/4? we would have to 
2 
say po F(q')dq'? diverges, as indeed we would expect for Im F(q" ) would 
2 2 
probably also fall slower than 1/q' ). If we expect CI ) to fall faster 


than 1/4 (we know no sure argument for this) we would have another relation 


œ 


i Im r (q")aq" = 0 
(2u)? 


called a superconvergence relation. 
We expect to have an unsubtracted dispersion relation valid because if 


(24.2) had an unknown constant added to the right-hand side then AC) could 


Electromagnetic Form Factors 121 


not approach zero as ae +o, In any event we have the subtracted relation 
(24.2) - (24.3): 


œ 2,2 
2 í ImF (q'")dq' 

r-ra E j s 
(2uy2 a"? (d-a) 


(24.4) 


In practice (24.4) is more useful than (24.2) to compare ra^ for 
negative a to its experimental value since uncertainties from the contributions 
for large qt where data is unavailable are much smaller. 

We can now see using (24.4) why from what we already know experimentally 
for F (q) for positive a the value for negative a should be close to the 
p pole value even rather far out. In (24.4) we know mF (qt) is dominated by 
the p pole - there is not much IF (a1? for larger a (at least no resonance to 
4Gev’) and (24.4) does not contribute integrand for still larger any for a 
even as negative as -l.2. Thus F (0) - r (°) is given by the analytic extension 
of the p pole formula nearly. But F (0) is (the accident of the VDM constraints 
fonr Eo = 1, see lecture 16) given by the p pole formula nearly, as we have seen 
earlier; thus r (a°) should also be. An interesting study would be to try to 
make this discussion quantitative. One can also ask if the data on lete” > n'r) 
is accurate enough to also dominate (24.3) and thus explain the accident that 


fonr’ 8p =], 


Proton Form Factor for Positive ra 


The proton form factor for positive a could be obtained from the reaction 
ete + ptp. There are not yet any quantitative experiments but they are expected 
momentarily. One experiment near threshold saw no pairs, indicating Gy? Ge are 
small there - about as small (or smaller) than the dipole formula calculated 
there fo v4, We would expect again that F (ô) and AC are analytic 
functions satisfying a dispersion relation like 

if ImF(q'*)dq'” 


2 
F(q) =-= (24.5) 
T qt-q' Hie 


(When amplitudes can be expressed in more than one way, such as helicity 
flip amplitudes, or coeficients of Dirac matrices in spinor expressions - it is 
for the latter that the simplest dispersion relations are supposed to hold. 


Relations for other combinations must be deduced from these.) 
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This time we have a difficulty. Fla) is measurable experimentally for 
a < 0 by electron scattering and for a > a by ete” annihilation into 
proton-antiproton pair. But how can it be defined experimentally in the region 
ra = 0 to iM? I do not know of a physical definition. But it is expected 
(fron field theory examples etc.) that ImF(q°“) is not zero in this region - in 
fact that the integral in (24.5) has a threshold at (2u)?. Thus no amount of 
experimental data will permit a very detailed test of (24.5) for a piece of the 
integrand is completely unavailable. Of course, if a theory is available for 
F(q?) it can be defined in no-man's land (0 < a < au?) by analytical continua- 


tion - but if we had a theory it would presumably already satisfy (24.5) 


and the proper thing to do would be to compare it directly to experiment in 
the physically available region. 
Thus the dispersion relations for nucleon form factor are not of much 


direct use for comparing to experiment. 


NOTE: We append here a theoretical note on the expected position of the 
threshold (24.5) below which Im Fla) can be expected to be zero. 


For a charge density e 7" classical physics gives F = 1/9 + a’) which has 


a first singularity at Q = oa A superposition of exponentials f £(A)e Fan 
gives J 402 dà giving a continuum of singularities the Icwest Eowéver 

Xo Q +A 
being ê = as the slowest exponential tail. This idea is valid relativistically. 
(It has been shown that the position of the singularity is the same as the position 
of the singularities in Feynman diagramsof a process as if real particles were 
virtual). 

For the proton the virtual state N + nt exists with a 7 extending out as 
(a gradient of) eT/r. Its square, the charge density involves polynomials in 
l/r times eo Zur the longest exponential is therefore 2u, and the threshold at 
2u. 

A more interesting case is one say like the £, of mass Mi which virtually 
can emit a K (mass m) to be a nucleon mass Ms with M, < M. We obtain the 


singularity by studying the perturbation diagram but can see its position 
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physically this way: 


We ask: how sharp a rising (time independent) exponential electric 


potential can we tolerate before we get a divergence because the field rises 


faster than the charge density falls? 


charge density; electric field 


Thus we have a field of momentum Q (it is pure imaginary = ia) and are just 

able to make the K meson from the £. The virtual state is a particle of mass M, 
momentum 0, and one of mass m momentum + Q, where the initial state is one of 
mass M of momentum G/q (Breit frame, w = 0). 


The condition of just divergence is that this state just has zero energy 


denominator 


Va? + = ve +Q/4 + M, 


(this equation is relativistic because it conserves both energy and momentum). 


This has the solution 

2 2 2 2 2 2,2, 2 

Q = -a = -4m + (My - M, -m) M, 
if m? < M? - a (otherwise the square roots are not positive.) The threshold 
is at a = tae That it is below the energy int needed to make a pair, which 


was the first guess, we call this an "anomalous" threshold. 


For M? > n? - a the equation cannot be solved, the singularity now 


really comes (normal threshold) when the photon can first make a pair q = an. 
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Note on the quark model of Feynman, Kislinger and Ravndal. 


The form factor for the proton by FKR is 


G 2 2 
My l- qz sam’)? exp 1 a- 1» a= (1 Gev)? 
u 22 4M 


M = Mass of the proton 


which is very poor - it cuts off too fast at high cae (there is no reason to 
expect the model valid for large 9’). For small a it goes as about 1 - .7 a” 
instead of 1 + 2.6 q. In the model the photon coupling is direct (processes 
like VDM are not considered if they were we would add a factor (1-q°/m °} or 
1 -1.7 a giving better understanding). The ratio Ge u/Gy comes out 1 + 2/2 
or 1+ ~,5 ae which falls too fast with € (experiment is around 1 + .06 a2). 

(Another way of dealing with the quark equations giving a much better form 
factor, but much worse fits to photon electric matrix elements is given in 
Fujimara et al. Prog. Theor. Phys. 44 193 (1970).) 


For the pion FKR would get (a? = ur = .02). 


2 

+ i, 
N 
Fi = 7 exp l1- 2 
1- 4 22 4u 

aie 


which is patently absurd (for example, having a zero at qa? = -0.08!) It is by 
all odds the worst disaster of their model -(it comes from the ad hoc way they 
dealt with the spin of the quark unaffected by the photon) that one would think in 
honesty they would include it in their paper. They didn't because, surprisingly, 


they didn't think to calculate it when they wrote their paper! 
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Other Photon Processes for É <0 


Electron beams permit us to study reactions such as e p > e x where x is 
some hadron final state. 
E2 


ei q 


It is controlled by the amplitude (u, Ya u) are CRAE in which only 
the factor (x WIP is unknown, and so we can SA this matrix element (or 
rather its square). The most novel feature is the ability to vary the q of the 
virtual photon away from a = 0 (real photon experiments, which we already 
discussed) to a negative, and in fact to the far negative region. In addition, 
very energetic (high mass) states x can be excited in the high energy machines. 
A great deal of information is becoming available, and there are many theoretical 
questions especially for the new large a” and high mass states x. 

The simplest experiments to do are those which do not require studying the 


x states at all (sum over possible states x) but just study the electron beam - 
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its deflection and energy determines the momentum transfer and its energy loss 
determines (in the lab system) the energy of x above the proton mass. These 
experiments were done first and are most complete - we discuss first therefore their 
results and theoretical interpretation (which will occupy us for many lectures). 
Then we shall return and discuss what we can expect the final states x to look 


like and how they do behave experimentally as far as is known. 


Inelastic Electron Nucleon Scattering E! 
k2 
E 
q 
Ky 
x 
P 


The energy loss v = E-E' in the lab, of the electron is measured as well 
as its 4-momentum transfer ê. The invariants of the problem are thus a and 
p‘q = Mv where p is the 4-momentum of the proton. All quantities measured proper 
to the hadrons are expressed as functions of these two variables. The prob- 


ability we measure is then proportional to 


w= Gy, p G vy up P cpl J, (a) [x><x| J, (q) [p> 208 (CPt) -M 
(25.1) 
In the case of unpolarized electrons (there are no experiments with polarized 
electrons and protons yet, but we shall discuss the theory later), the sum and 
average over electron states contributes the spur (u, Y u4) (a, Yy u) = 
1/2 sp K, e Lai Yp =2 (ky ky + Ky ky - Siy ky k3). While the hadron state sum 


gives an expression we shall call Kuv 


Ke 2 <plI (a [x><x| 3, (@) [p> 248 0H? - Grey) (25.2) 
(spin of p averaged, is also uv symmetric part of expression for any spin). 
(Note, the cane” of the final states which we are generating is expressed in terms 
of our variables a, v as 

Me = (Pr)? = Na +2Mv + an i is negative. 
By varying v for given ae we can vary “m? and look, for example, for final state 


resonances.) 
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From arguments of gauge invariance and relativity the symmetrical part 
of the tensor Kiv (which is all that counts for unpolarized electron, and 


is all that survives if the proton is unpolarized) must have the form 


2 . . 2 q, 4, 
Ky = 4 W (q y) Oa, F (P, -4, EA -4 W (aay) KOR 2 ) 


ajz 


(25.3) 

Several properties of W Wot 

The apparent, but unwanted poles at ne = 0 come from the way we have 
written our expression and of course cannot be real, To remove the highest pole 
we must have (pq) "W, = ww, as ar > 0 or W = AR W + order 4 as a 0, 
but W can approach a constant W, (0,v) as i + 0. Hence for small a W = W, (0,4); 
ACS) > -a v? w, (0,v). 

The direct total absorption croses section for an imaginary photon of mass a” 


to hit a proton would be 


2 
4te 2 2 2 
o a). Ixe 3 |p>| 276 (M - (pq) ) 
2 
Se g e K (25.4) 
2k2M PY W 
k = momentum of photon in p rest system, 
We have two polarization cases: 
Transverse. e; is perpendicular to ay and to Py 
bne? 
a “ame (25.5) 
Longitudinal. Sometimes called scalar 
2 / 2 
er = ‘hat ’ ez = q,/ -q 
lne? 
V 
CFE [a + a) Wy - A (25.6) 
-q 
These two cross sections can be used as parameters instead of Wis Wo 
From the above formulas 
W 2 (o 
1 v t 
a h bs =) (5) (25.7) 
2 -q t s 


It is convenient to define 


R =s CALAN ‘ 
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Combining the electron spur to the expression for Kiv we obtain the total 


cross section in the lab. 


do ae 2 2 
— s > [teos 6/2) Wy +2 (sin 6/2) A (25.8) 
dQdE' 4E” sin 6/2 


In principle it is possible to get both W> Wo» this is done in several cases - 


but most accurate is W, and often what is given is W, under some assumption 


2 
about We For example we have 
2 t 
—2 . ke AEA (25.9) 
dQdE' 2r -~q E(1-e) 


2 ye -1 
eo [i+ tan 6/2 +>) ] 
-q 
and often data is given for Or + Eo without resolving them, € is often small. 


Problem: Show that for proton elastic scattering 


aw, o ee 8(v + q27/2M) 


2 
2 +2 
G - G 
ty ETATU gy + Pram 
1-4, 
aye 
Lecture 26 
nelastic Electron Nucleor e ontinued) 


We shall now give a kind of preliminary description of the experimental 
results - some details will be dealt with further later. First a useful variable 


to discuss the lower energy results in is the mass” of the final state M. 


2 
Me = M + 2Mv + aoe We shall, at first, use a? and a” in our discussion. As 


a function of M? we, of course, get nothing below va then a large elastic peak 


corresponding to a? = vo when the final state is just a proton - proportional 


to sla + 2Mv) - and depending on Gy’ Gk as we have previously studied. This 


contribution falls as ae rises as 1/(1 - ays. 


Next, for fixed a as “m? varies, we see a "first" resonance at M7 1236, 
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a "second" one near Me = 1520 and finally a "third" around 1700 and some indication 
of a fourth at 1900. Theoretically we should see more resonances, e.g. 1535 but 
undoubtedly the "second" peak is an unresolved mixture of these two while the one 
near 1700 sometimes called the 1688 resonance is probably that with four others 
expected near that energy. The resonance at 1407 (the Roper resonance) has not been 
seen in these experiments. 

These resonances can be fitted as Breit-Wigner peaks on a background which 
gradually dominates into a smooth curve as M? increases, 

How do the resonance strengths vary with a? At very low a the behavior 
depends theoretically on the angular momentum of the state and starts as an 
appropriate power of Q Qê = Sanh; For higher a’: however, the strength of the 
resonances all fall more or less as does the elastic peak. In fact if one plots 


the ratio (do/da) ,,/ (do /da) with a one finds curves which rise rapidly 


elastic 
from threshold (photoelectric) values to saturation (in the vicinity of one or 


just below) for a > about 1 cev’, 


For larger a and large v there is nothing left of the resonances. There 
it was suggested by Bjorken that the function vw, (av) fand also w,(@7,v)) should 
be a function of the variable x = -q2/2Mv only. (Data is often presented also 
as a function of w = 2Mv/-q2 = 1/x). This has turned out to be rather accurately 
true, This feature, that as age +o, v> œ such that -q2/2Mv = x is kept fixed, 
wi, (a?,v) approaches a function of x, F(x) is known as Bjorken scaling. We shall 
have a great deal to say later of its theoretical significance. 


Present (January 1972) data is available in the following regions. 


I Resonance Region 
II Scaling Region 
III Ws W, Separated 


In the region w 4 4, scaling is observed above M? = (2.6)2. In the 


region 12 > w > 4 for M > 2 -q?> 1; vW3 is a constant within errors and scales 


in any variable. 
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The data for vW, looks as follows 


2 
v 
<3 Wo 
15 
$ ic 

1 
E ETE 
3 2p% 18 ż 1 for the proton 
1 
font = .12 for the neutron 
o 


Data for the neutron (by subtraction from the deuteron) is also available. 


The ratio to W 


b looks like 


2 


It is consistent with a straight line (l - x) from x = 0 to .75. There are 
indications that it curves away above the line for larger x and could reach a 
value as high as .4(?) for x > 1, but higher values are probably ruled out. 

In the region where Wy and Wo can be separated, values of R can be found - 
they vary from 0 to 0.5 with large errors so no definite trend can be seen. 
If R is assumed constant it is .18 + .10, the data is also compatible with 


R= .03 (-q7) Ê or with RZ a/v. In the latter case we would expect with 


scaling that R > 0 for fixed x. 
Theory of the Inelastic Electron Proton Scattering 

We now begin a rather long theoretical discussion of the inelastic e - p 
scattering. We shall first discuss the "deep" inelastic region ag? +o, v>, 
-q2/2M = x, or region of Bjorken scaling. First we shall discuss what is 
called the parton model briefly; then we shall discuss general properties of Wo» 
Wy and see that they are connected to the commutator of two currents. Finally 
we come back to the parton model in more detail, discussing suggestions that 
the partons be identified with quarks, etc. - and then discuss the relation of 
this to a more abstract representation called Gell-Mann's light cone algebra. 


There then follows miscellaneous discussion, ending with attempts to understand 
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things in other regions of the Pee plane (i.e. for smaller a, and, or at 
resonances) etc., (actually our discussions will not be so neatly organized, we 


shall wander among these subjects). 


Parton Model 


Parton Model 

The parton model is the conceptually easiest to understand, although it 
appears a bit special, as special assumptions seem to be made. More general 
abstract considerations are therefore more satisfying, but first we discuss 
the more elementary viewpoint. In discussing these matters it is best to 
keep in mind all the principles of relativity, quantum mechanics, unitarity, 
analyticity, etc. One way to do this is to work in a conceptual model which 
satisfies all these principles simultaneously. There is no known simple model 
which does this except field theory (and that may not do it - all examples 
diverge!), and that is a very complicated model indeed. Nevertheless we shall 
try to see what field theory might suggest. 

In field theory the wave function for a state, such as a proton, could be 
given by giving the amplitudes to find various kinds of bare field particles 
moving with various momenta. These bare field particles we call "partons". 
Sometimes some phenomena can be understood directly in terms of this wave 
function but usually matrix elements to wave functions of other states must be 
analyzed. The wave function, however, is not easily transformed from one 
relativistic system to another (the Hamiltonian must be known) because it repre- 
sents a slice at a given time. Certain properties are therefore more easily 
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seen from the wave function in one system than in another. The deep inelastic 
scattering behavior is best understood from the wave function for the proton 
with extremely high momentum P (in +z direction). In fact we study the limiting 
form of the wave function as P + >, 

In what variables will the wave function have a limiting form? From a study 
of the character of typical field hamiltonian in a few examples, and from a study 
of very high energy inclusive hadron collisions we conclude that if the momentum 
of the parton is measured proportional to P as EP and the transverse momentum 
in absolute units k then the amplitudes depend only on €, k as P rises - (except 
for € so small that €P is a few GeV, € of order l GeV/P are called "wee" - 
the distribution of "wee" partons is probably best described in absolute P: 

k variables. As we shall see the "wee" region is hard to analyze - but the 
main features of the deep inelastic scattering does not involve them). 

The fact that k, is finite is not, at least in any obvious way, a direct 
consequence of field theory - (in fact perturbation theory does not give this 
result, and therefore must not be reliable here) it is simply guessed at from the 
ubiquitous result of high energy collissions that the transverse momenta 
available to the products averages about a = (.4 cev)*, 

But granting this, the P scaling is expected from field theory (although 
today we could base this also directly on experiment, it is the scaling law 
for the longitudinal momentum of the products in very high energy collisions). 
Some suggestion of how it works is this. The amplitude that a state of energy E 
is seen to be made up of two parts of energy Ea = Ey + E, is dominated (in 
perturbation theory) by a factor 


A/(E - ED = A/(E-E, -E (26.1) 


1 2) 
But the z component of momentum of the parts is that of the whole P = Py + Po: 
Set P} = 5) P, Po = £P, £ +6, = LE = neta? ae P + is . If M] 18 the mass of 


the first part and ki its transverse momentum, we have 


2 2 
2 2. 22 ee 
Ey a/b, P tki tM, s EP + approximately. (26.2) 
26,P 
Likewise 
ky a, 
E, pa EP + 
265P 
u? Mk? Mtk? 
Therefore A/(E - E - E,) = aP/{ > - ea - “a (26.3) 
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(The P in the numerator is usually absorbed in normalization or in the form 


for A, the essentially complicated behavior of this is a function of by» bo» 
2 
1 » 


scaling, and they have been confirmed by experiment. 


k kz. Arguments like these were originally used to predict the inclusive 
Furthermore we see E (outside the wee region) must be positive - no 
partons are going vigorously backward - because (26.2) is not valid if & is 
negative, it should be lel on the right hand side. Then (if ay is negative) 
E =- Ey - E,* (1-|€,|-€,)P = 265P so the denominator is not small but large 


2 
and the amplitude is 1/P smaller than the preceeding case. 
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Parton Model (continued) 

We envisage the proton of momentum P as being made of partons of momenta 
EP all sharing in various proportions Ei the momentum of the proton, all € lie 
between 0 and 1 (else some other would have to be negative since > a = 1). 

We shall therefore think of the incoming proton as a box of partons sharing 
the momentum and practically free. Another way to look at this is to take a 
dynamic view of the parts in the rest system and assume finite energy of inter- 
action among parts so as time goes on they change their momenta, are created or 
annihilated, etc., in finite times. But moving at large momentum P these times 
are dilated by the relativistic transformation so as P rises things change more 
and more slowly, until ultimately they appear not to be interacting at all. 

When the proton is hit by the photon the interaction operator I couples to one 
parton or another and knocks it to a new state of momentum Po = Py +q (Py = EP nearly) 


If the parton had mass i we would expect a rate proportional to 


1 iui2 2 2 1 
z "l 2nô( (p, +a) -m) ae Ky (27.1) 


Pita 


l 
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(the factors 1/2E, and 1/2E are included because of the normalizations of 
|u|? and Ke In fact, due to the interaction energies assumed finite, the 
energy loss is not just that for a free particle but differs from it by an 
unknown (but finite which may vary with x, etc.) 

For spin zero partons 


2 
IMI" = (py + Po.) (Py, + Pay): (27.2) 


For spin 1/2 partons 


|u|? = 1/2 sp(( +m) y, W + my.) 


= + å ë 27.3 
@ Piy Pav 2 Piy Pay 2 ê vP D) ( ) 


(We shall calculate for spin 1/2, just state results for spin 0.) To make 
things easy we will omit all terms in ay in Kiv because we know how to get them 
by gauge invariance. Thus in \m|? put Puy in place of Poy? In our limiting 
circumstances we can write Piy = BP to an excellent approximation where Ps is 
the four-momentum of the proton (strictly it is valid for the z component only, 
but we have seen that implies it for the t component Ei = €E; and the transverse 
components being only finite are relatively small). 

Therefore if 

f(x)dx = number of partons with momentum between x and x+dx each weighed 

by the charge squared (in units of electron charge) we have 

) 


T 2 
K = i (4 Pi P Wo -4 S MW 


uv 1 


= | EGEL (ug? P P - 266 Peq) 2nô((EP+q) -m -A)dE (27.4) 
E poy uv 


(the first 1/ comes from the normalizing factors 2E/2E,). Inside the 6 function 
2 2 

we have (EPtq) -úm -ô= 2 (P-q) + a + g? ee aes A; but as K > œ and P'q 

= Mv goes to © with M = 2 Mvx this becomes 2 Mv (E-x) + (finite) or nearly 


6 (2 Mv (E-x)) = == 6 (E-x). Therefore we have, integrating the ô function, 


2Mv 
for large v 
4PPW-45 MW, = 
wv2 uv 1 
=E) xpp -2m6 ). 
v uv uv 


Thus 


vW (q? v) = xf(x) 
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2MM, (q? v) = £(x) 
i Bhs I (27.5) 


and we have functions of x = =q2/2Mv only. 


If we used scalar partons, the formula for vW, is unchanged but W, = 0. 


1 
If the fraction of the partons which a spin 1/2 (weighed by their charge squared) 


at momentum x is y(x) we get Wo unchanged, 2M) = y(x) f(x). The ratio 
V 
J (u P My 


in the scaling limit would be 


vW, /x = 2MW 
pe enl a In (27.6) 
2MW y(x) 


1 
In the region studied R is of order .18 + 10 so y is less than .2, not many 


scalar partons. A much more likely hypothesis is 
The current carrying partons are all spin 1/2 


The value of R remaining today experimentally being due to our having not enough 
energy and a to be fully in the scaling limit. E.g., R= Pa would also fit 
the data and give zero in the scaling limit. 

This is a very profound conclusion about the structure of the underlying 
theory for hadrons. We must watch to see if R really does approach zero as the 
scaling limit is reached. 

If charged partons all carried the fundamental charge te then charge 
squared is 1 in our units and thus we could say only 18% of the momentum is 
carried by charged partons in the proton (because frw = ,18 + .01) - the 
remainder, 82% would be carried by neutrals. This 18% is surprisingly small. 

If the partons are quarks and carry charges like+2/3o0r t 1/3 the percentage of 
momentum carried by the quarks could be higher. We shall discuss such a model in 
more detail, but it turns out even then it is necessary to assume something else 


neutral carries part of the momentun. 
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The Wee Region 
The ideas leading to the scaling formulas (27.5) are very reliable, By 
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making further assumptions about the wee region we can understand other aspects 


of W and W. It must be realized we are now elaborating on our original parton 


2 
ideas developing them further to understand more features of the f(x) curve, The 
data for vw, seems to approach a constant (.32) as x > O which means that f(x) 
would go as .32/x showing a mean number of partons rising as x falls into the 
wee region (such that the number of wee partons is finite and independent of P, 
and the mean total number of partons in a state of momentum P rises logarithmically 
with P). This is not entirely unexpected, it is the same as the distribution of 
products in hadronic collisions. The way this appears to happen can be gathered 
by studying the field theory equations at high energy, and also the perturbation 
theory of bremsstrahlung. In the latter case neutral particles are generated 
in a dk/E = ~ dP,/, fop Hey m + dx/x distribution. These neutrals can generate 
pairs so the small x region contains large and nearly equal numbers of particles 
and antiparticles. The field equation approach suggests the same thing; and 
further that the low region is generated in higher order perturbation from the 
higher momenta by a series of cascades x + x' + x" going down in x. In either 
case we conclude the character of the pairs will be as a whole neutral and 
therefore the same for proton and neutron. These expectations have been made 
by other means also, for example, the dx/x leads to a constant cross section 
for virtual photons (of fixed but large, negative mass squared), That these 
cross sections should be a constant is expected from considerations that these 
photons have an amplitude to be virtual hadrons (like the p) and hadrons give 
constant cross sections (the magic word "Pomeron" is used to "explain" this), 
the same for proton and neutron. Thus we expect Won to equal Wap as x > 0 as 
indeed they turn out to do; both f(x) for p and n approach the same .32/x for 
small x. We also know experimentally that at i =0 o = Le to 3% at 16 GeV. 
The fact that f(x) seems to go as .32/x as x + 0 implies that the total 
cross section for virtual photons of energy v on protons is a constant as energy 
goes to œ for fixed and large negative a, just as the real photon cross section 
does. We can expect, as long as we are on the high side of the wee region, that 
x = p/P with b large enough that, as our measurements tell us, f(x) * .32/x. 


Hence the transverse virtual photon cross section is 


2 2.2 2.2 
= 4te „a. —_4te 1 a41 e f(x) 
o ko” ~——— H f(x) = on (28.1) 
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in the scaling limit. And for x on the high side of the wee region q? large 


enough, ) 
Lae? 32 _ 4n e (32) 
1t 1 IM x 2 
-q 
= 115 ub (232 cev”, (28.2) 
-q 


At this point we may well guess (these considerations are independent of 
the parton model) what happens for v large but a is not large enough that 
-q2 /2Mv is far enough out of the wee region ~ 1 GeV/P. We know for qe =0 
the total photo-cross section is independent of v. For other wA the unreliable 
VDM would give a factor -0 (4-0 in the amplitude or a/a/a 7)? in the 
cross section times a v independent term (large v). This is clearly wrong for 
large Jae (far from the p pole) for it falls as eae instead of er as 
we have just seen is experimentally found, above. But we can certainly guess 
that, for each a the cross section is constant but dependent on San for large v, 
7 bne? c(-q2). We do not at present know c(-q2) except for a = 0 and large 
“ar: We need a good theory for this function. 

Although the number of partons is infinite, the momentum contained in 
them is finite, of course, because the total momentum of all partons neutral 
and charged is 1 (units of P). We have for the momentum carried by all charged 
partons weighed by e. frein = .18 + .01. 

Formula for R 

We may get an idea of how R behaves as we approach the scaling limit by 
calculating Js directly in this region. We work in the system in which q is 


pure space-like 


P, = (E, P, 00) PT Ba a, = (E, 0, 0, 0) 
q 
a4, 

q = (0, -2Px, 0, 0) ôw 7 7 7 diag. (1, 0, -l, -1) 
q 


2 
Use Equation (27.4) with all q, put back into |M| 


2 
T = 
m GP PT 4 M W) 


f(E) 2 22. 
fJ 2[P,,, Po, + Pry Pay 7 Spv Py" Pon Jj 2n6((p, +a) -m -A) dE 


E 
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(the expression in the 6 function becomes (4 p? x(-x)-A)). Now to get GA 
we want the t component of both sides; however, if the RHS were exact the 
z component would exactly vanish (from gauge invariance).To avoid errors of 
differences of large quantities we take yp = t-z, v = t-z 80 Suv vanishes, 
Pay Pay * (i - Piz) (€2 - P23) (this is equivalent to replacing the polarization 
of the photon = (1, 0, 0, 0) by e," = (1, 1, 0, 0); we should get the same 
result by gauge invariance). Now Po, TUNS backwards so fo = Pon 2|P,,I = 

2(2x -E)p. But Py, runs forward so E TPs Pip theta a ie, 

Here kn? is the mean perpendicular momentum plus the mass” of the parton (at &), 


whatever that means, but at least it is the square of some finite energy. he 


and R are given by 


2 2 kkn) 
(4E W, -4 m W) = 2Mf (x) Erg 


at x 


2,2 
4(ky +m") 


2 
-q at x 


This explicit dependence on m? is erroneous. The deviations in the parton 
model of calculations using free partons are probably to set +4 (a binding energy 
correction) uncertainties on all effective parton masses. In this special case 
the error comes in assuming in €] 7 Piz that €, 18 just the kinetic energy of the 
free parton and not more complicated. When operators involve d/dt in Schroedinger 
perturbation theory their exact expression is usually more complicated than 


just the kinetic energy operator. The formula for R should be 


aie N (28.3) 


The expected falling trend with 1/(-q2) is not evident in the data, but 
the errors are large. If we estimate k? a 25 (GeV)? independent of x as in 
hadronic collisions, and i of the same order (else we could not explain why 
k? 4s so small), we find R= (2£4h)/(-q2); for = = 7 (near center of data) 


R = .3 + 44/7 not unreasonable compared to the average .18. 
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Lecture 29 

The region near x = 1 

We can get some qualitative ideas of the region near x = 1 by first studying the 
extreme case x = 1, the elastic form factors, at large ae We take the 
coordinate system with q = (0, -Q, 0, 0) a pure space-like vector. P, the 
momentum of the proton = (E, P, 0, 0) must have P = Q/2,after the collision 
the proton has momentum Pi = P$ a (E, -P, 0, 0), with z component in the 
opposite direction. For large Q, hence large P, we can describe the initial 
state of the proton as an amplitude for various configurations (in x, k). Let 
us suppose for example, the configuration contains two non-wee partons and two 


wee, and draw a picture: 


2 
2 
Before AARAA 
x1 
After x3 
2-x1 


Figure 29.1 


Now we ask that the final state (the "after" picture) be only a proton ~ 
that is,a factor <Proton at -P |"after state">, the (complex conjugate of) 
amplitude that the after state appears in the proton wave function. But a left 
moving proton can never (for large P) look like the after picture because it 
contains a backward moving parton (x3), (and any estimate of its mass square is 
order Pp’, requiring order p? binding energy contributions to get the mises down 
to Ml). 

Thus insofar as the proton looks like "before" it contributes very little 


to elastic scattering. To scatter elastically we must start with a configuration 


where one parton has nearly all the momentum, x = 1 and all the rest are wee, 


1 2 
Before }-+— ween 


say below 1/P. 


After Figure 29.2 
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Now the single fast one is reversed by the incoming photon, the energy 
is not changed much, and the final configuration is possible for a proton 
because wee partons (those with absolute P, finite say below order 1 GeV) can 
go backwards as well as forwards. Therefore the scattering amplitude (form 
factor) is proportional to the square of the amplitude that a proton looks 
like "before", hence proportional to the probability that the proton has all 
partons but one in the wee region. 

We now see qualitatively why this should be some inverse power of Q in 
the following manner. If the bremsstrahlung analysis of the "sea" (dx/x) 
region has any qualitative reality we can judge the probability that no particles 
have their x above x, of order 1/Q to be eco where n is the mean number expected 
above this x,and c is some constant to allow for correlations (unlike first order 
bremstrahlung which is purely Poisson, perhaps each "photon" could make two of 
some other object, etc., so that the mean number of particles would be higher but 
proportional to some vaguely defined "mean number of statistically independent 
events"). Now we have seen, for small x at least, n goes as,a/x where a is 


1 
= dx 
another constant - hence n, the mean number above Xo is af, ee a ln x7 


o 
a ln x where x is some unknown upper limit where the dx/x ideas break down. 
Thus for small enough Xo» e varies as exp (ca (ln Xone ln x,)) as a constant 


times a power of Xo: That is, the probability no "sea" particles are outside 


the wee region falls as a power of Q. 


There may be some special partons to make up total quantum numbers which 
are not parts of the sea which must also be in the wee region. But scaling 
studies of the field equations as well as other theoretical arguments (related 
to Regge-type behavior) suggest very strongly that they would show behavior of 
the form x” dx/x where a > 0, and thus their probability to be found in the 
region below x, would also fall as a power of Xo" 

We conclude that the probability the proton looks like our parton near 
x=] with all the others below some low limit Xo falls as a power of xo Say 
as x’, 

o 

In particular then for x, wee of order 1/Q, we find the probability 
varying as Q. 

Thus the form factor Gy of a proton (and Gg also, see below) should fall 


as a power of Q, q”. Experimentally y is probably a little larger than 4. 
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The fact that the form factor falls toward zero as Q + © means that a 
proton (as P + œ) has a zero amplitude to appear as a single parton. This 
may be because no single parton has the precise quantum numbers of the proton, 
but even if it did, a more cogent reason is that the probability of finding a 
parton without other fields generated by interaction from it (represented by the 
sea dx/x) is zero, (just as is expected from the theory of bremsstrahlung). 

Our analysis of the ratio R = o,/o, described in the previous lecture can 


be as well applied to the elastic piece x = 1. We therefore find 


2 2 
og J 4k, tm tA) 
Tt | elastic -q xa] 


where kê + a? + A is the value for the single parton with nearly all the momentum. 


But this ratio expressed in terms of Gg? Gy is simply 
2, 2 
Gs 4M Gg 
— s 2 
Tt lelastic — -q°Gy 


(M = proton mass). Thus we expect G./G, to approach a constant a? + m? +h yi 
for large an: A great problem is found when we estimate the constant from 
experiment. If Gy a uG, u = 2.79 we find Kc? + a + a)i = .ll (Gev)? 
disturbingly small! But data at a = 2.6 even shows G/Gy is less than 1, 
about .6 (and falling?) so a? + n t 8) < .04? 

Now we can see how f(x) should vary for x near l, say x = 1 -y with y small. 
Let us find the total probability that x exceeds 1 -y T f(x)dx. We must 
again find one parton with nearly all the momentum, the total momentum of all 
the others cannot exceed y. That is not the same as the probability that none 
can exceed x5 which we worked out as y“, but a little consideration of the 
problem soon shows that it does vary with the same power, but with a different 
constant in front. (This is most easily seen by a kind of dimensional analysis; 


or alternatively one can work out the case of a dx/x Poisson distribution in 


detail to check it.) Hence 


je f(x)dx = y' 
l-y 
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for small y, or 


f(x) « (1 - x) 


for x near 1. That is, we expect the power law of the elastic scattering to be 
related to the power law of the behavior or f(x) near x = 1. In particular we 
expect f(x) = (1 - x)? or a little higher, Data is not in disagreement with 


this. (This relation was first published by Drell and Yan.) 


The region xg large, re finite 


Resonances. Can we extend these ideas to get some understanding of why the 
resonances fall with about the same power of Q for large Q as does the elastic 
peak? (Here we are studying the region large “qe. 2Mv z-q’, more precisely 
My = wv + 2Mv - q?) finite.) Perhaps it is better to frankly turn the 
question about the other way and ask what the fact that the resonances fall 
off as the elastic peak with a tells us about the wave function of these 
resonances. 

If we excite say the at our picture again cannot look like figure 29.1 
for the "after" picture could not be a at moving rapidly to the left because 
it contains some partons going in the wrong direction. We must instead have 
as in figure 29.2, but this time instead of asking whether the last picture 
looks like a proton,we ask: with what amplitude does it look like a ate We 
again expect a at to have a sea region, etc., and to have a difficulty measured 
by a factor Qt an amplitude, for a proton QV) appear with a single 
non-wee parton. We conclude from experiment the y' probably equals y - and 
can probably invent a posteriori argument to justify this. (For example, the 
sea may be very similar in the two cases because they are generated by the same 
parton - that is, the chance this parton is bare of non-wee particles is what 
the factor measures - and it is the same parton in either case.) The wee partons 
left over from the original right moving protons have only a certain amplitude 
to be in the correct proportions (of numbers non-Q dependent momenta, etc.) to be 
appropriate to a left-moving proton - and a different amplitude to be appropriate 
to a at, It is the ratio of these non-Q dependent amplitudes (squared) which 
determines the ultimate ratio of the probability of producing At to proton at 


2 
large Q. (It is always possible in principle of course that for some particular 
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resonance this amplitude is zero and such a resonance would fall faster with Q 
than the elastic peak.) 

These relations of power laws for elastic peak, resonances, and asymptotic 
f(x) are so interesting that it is important to notice that they can be expressed 
in a general principle (I am strongly indebted to J.D. Bjorken for discussions 
on this idea) quite apart from any parton theory interpretation. Stated in 
this way they are seen to be rather profound and represent a fundamental new 
property of high energy collisions (for corresponding relations are expected 
relating exclusive and inclusive hadron reactions at high energy). 

Suppose we plot vW, for a given large a” against M? -x= 2Mv (1-x) 
s -42 (1-x) (x is near 1 and 2Mv = a. We note the scale of Me - v and 


l-x are just proportional. We find a set of resonances at appropriate M? 


Elastic Peak 


and the tail of the "background"curve rere gear or Gq an?) Ya?) . 
Now when we increase a all the resonances fall (but stay in the same place Me), 
as Got" as we have seen, but the size of the "background" curve (at a given M) 
also falls as a. That is the "background" (by background I mean the high x 
tail of the scaling region function fp) bears a fixed ratio to the resonances. 
It is not possible by going to higher a (or im hadronic collisions to higher s) 
to separate even more clearly the resonances from the background, nor do the 
resonances fall into the background and get lost. Put another way, the back- 
ground can be consistently viewed as due to overlapping resonances or tails of 
resonances itself and all resonances ultimately fall off the same way (as a 
power of a? as ae increases). Bohr would like this, he would say there are two 
complementary ways of viewing the background, as continuum single particle 

states leading to scaling expectations, or as large numbers of resonances - and 


nature conspires to make it impossible to decide in the intermediate region 


2 
(large M T M) which is correct. 
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Lecture 30 
Argument that y' = y 
We will make the assumption that for any state (e.g. p or A) as momentum 
Q increases the distribution among wee x (= finite momentum) approaches a definite 
distribution independent of Q. Rather, more explicitly for our case, we assume 
that the amplitude for the proton to be a single parton and a given distribution 
among wee momentum ( e.g. below 2 GeV) and nothing in between falls somehow with 
Q but the distribution among the wees approaches a definite asymptote, (e.g. 
amplitude for no wee/amplitude for one of momentum 300 MeV/amplitude for two at 
100 MeV and 400 MeV etc. become constant ratios), 


<one parton at x = 1l, wees at momenta k's| proton at Q>= FOE, k's) 
’ 


(the index i indicates parton type) and similarly for a resonance. Hence the 
scattering of a photon, which turns around the fast parton from Q to Q' (e.g. 


in a coordinate system where a, = (Q-Q', 0, 0, Q@Q')). 


Before p Q 
wns 


fo (k) 
After ô 
' 


f, (~k) 


The amplítude is proportional to 


P(O F Q) ERORE ae 

We explicitly suppose the last factor is not zero. (For certain resonances, 
or quantum number (e.g. I spin) reasons it might be zero, those may fall faster 
with Q, but we study the ones which are not special in this way,) The answer 
must be relativistically invariant, however, and thus be a function only of 
d = 4QQ'. Hence F (© F,(Q') is a function of QQ’ only, from which we can 
deduce that both r% and F (Q) must be of the form 1/(2q)¥/2 (a constant 
can be absorbed in the second factor). 

Thus amp. p> A= aT a, 4) 
where 

a(p, 4) = X JaPa ak 


1 
depends on the states p, A, but not on a 
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If two states have different powers of Q in their F(Q) = qr? then they 
must be orthogonal in the sense EXC INO ak = 0 - usually because of 
different quantum numbers, like charge strangeness or isospin (or z angular 
momentum) in the wee system. 

The principle discussed at the end of the previous lecture very likely applies 
to high energy hadron collisions also; although not our direct interest in this 
course, I will briefly outline how it might work there. 

Consider an exclusive reaction (at fixed or zero momentum transfer t) A+B > 
C + Resonance X, where A, B, C, are fixed. Let the incoming momenta in the 
c.m. be p and the outgoing momentum of C = Po = PX» 8 = dp? goes to infinity; 

2 


and imagine we measure the missing mass of the resonance by M = Py = 


(P, + Pa = P) S s(l-x) + M H oH Thus plot resonance data as u = 

MM A -M S s(l-x). As s varies resonances stay at fixed É, of course, but 
their size goes down very likely as a power of s, say as s F (12) a (a is negative); 
as expected for exclusive reactions, where a is the least negative possibility for 
an exchange of something that accounts for the quantum number changes from A to C. 


But since we are not really looking at the products My this can be thought of 

as an inclusive reaction where, it has been argued, (R.P. Feynman,Phys. Rev. 

Lett. 23 1415 (1969)) the probability should be a function of x only. Hence 

this scaling region near x = 1 will go into the resonances for large M? only if 

s F (M) dM = sČF (s (1-x) )ds (1-x) is a function of x only, not of s. Hence this 
function F(s(l-x)) must go as (8(1-x)) 272 and the scaled result goes as (Q-x) de 
for x near 1. (There are situations, for example, where C and A are both protons 
that it is technically hard to get to high enough x to avoid contamination of p's 


disintegrated from other hadron resonances C', etc., but these matters cannot 


concern us in detail here; the result has not been readily checked, therefore.) 


Lecture 31 
We summarize what we know or surmise about wy and Wy in the high v region. 
Region I) Large v, large oq but -q2/2Mv = x finite. 2MW, is a function of 


x only, called f(x). Wy = (47 vw. 
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Region II) Large v, fixed sae as v >+ œ, 


2M) = m * a function of q = By 8(-a”) 
-q -q , 
Region III) Large v, large a but finite Mow = 2Mv - (-q ). 
2MW, = (2Mv)~Y*? function of M only = (q2) h (Mp -M?) amy 


(The last factor 2Mv is the normalization from an? to dx). 
In order that the three regions fit together we have, 
(I; II) for small x, f(x) goes as a/x (a = .32) 
for large an aCe) goes as a. 
(II; III) for x near 1, f(x) goes as A(l-x) 7} y:= 4 or 5 


for large uw’, h (M 7M?) goes as ac 2a? Yt 


In region I we expect alor to fall with increasing v as 1/v or 1/42). 
In region II we expect o,/o, to approach some finite limit depending on kage 
as v +, (This means vw, is finite, W, is of the same order as Ca? v 
but is not equal to it.) In region III we expect CAVC to fall with increasing 
v as 1/y. In the special region of small q?: w = -an /v? + order Év; 

2 


o~q. 
g~ a 


General remark about the power law(q2)~", namely it may have a logarithmically 
falling coefficient Cp a (atnq?+b ). In the discussion of the previous lecture 


we saw powers where y could depend on the quantum numbers of the wee group, like 
total isospin, angular momentum etc. These are discrete so the y's are discrete 
and there is a lowest one, However, there is transverse momentum which is not 
discrete; y could depend on the transverse momentum of the fast parton say as 


Y= Yot vk so the result is 


2 2,70 
[dr So a2 = Coms (31.1) 
yma 
wrest 
tk, 


k 


Partons as Quarks 


Naturally we should like to go further and find out more about what quantum 
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numbers the partons carry. As it turns out from present experiments only a few 
things can be learned, but future experiments can add information which greatly 
restricts the possibilities. We discuss this by choosing an example, that 

charged partons carry the quantum numbers of quarks. (In such a model Gell-Mann's 
equal time current commutation relations are automatically satisfied.) We are 

not making the three quark model, the number of quarks may be, indeed must be, 
infinite. 

One is immediately struck with the question as to whether our explanation 
of scaling is possible at all if the partons do not have integer charges. The 
idea was that the outgoing parton (now quark) could escape without further large 
(as P) interaction to ultimately resolve itself into an outgoing bundle of 


hadrons. 


But it is a quark (knowing no low energy hadrons are of charge 2/3 say) it cannot 
turn into hadrons unless it picks up the extra 1/3 charge by dragging along 
another parton quark. If this extra parton is from the ongoing ones of momentum 
of order P the momentum changes (direction B to A) would be of order P and the 
assumption that binding forces are small, apparently required in our derivation, 
would fail. On the other hand, it is possible perhaps that the extra quarks 
are found among the wee partons, which are natural to any hadron wave function and 
since hadrons going in direction A or B share the same wee region they could 
exchange quarks there, making up the necessary integers. This is not clearly 
satisfactory but it is an exciting adventure to try the idea that charged partons 
are simply quarks, see consequences, devise experiments to test them; and if they 
are found to succeed, to return with more zest to the question of how Nature 
must then be resolving the apparent paradox among: 

a. Partons carry quark quantum numbers 

b. Hadrons do not 


c. Scaling works. 
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In this spirit we look to discovering by what means we can check (a). At 
the very least we are giving an example of how experiment could lead to further 
identification of the character of partons. 

To describe the parton distribution in a proton we would have six functions. 

u(x) = No. of up quarks with momentum x to xtdx in the proton 


d(x) = " down " " " "un " 


" " ” wow n 


s(x) = strange 
Similarly u(x), d(x) and s(x) are the numbers of anti-up, anti-down and 
anti-strange quarks with momentum between x and xtdx in the proton. 


The total charge on a proton is +1 so 


l 1 
tS 5 [we - u(x) Jdx - ł Juw - d(x) ]dx - 3 [te - s(x) Jdx. 
The z isospin is +1/2 so 


1 
> = 5 fiw = U(x) Jdx - > Juw - A(x) ]dx. 
0 0 


The strangeness is zero so 


1 
[r - s(x)]dx = 0. 


These equations have the solution 


E - u(x)]dx = 2 
0 
f taco - d(x) }dx = 1 
0 


1 
Tie - s(x) )]dx = 0 (31.2) 
0 


That is, the net number of each kind of quark is just the number of that kind in 
the simple non-relativistic 3-quark model. The observed function f(x) from 2M 
(or vW,/x) is the number of each kind weighed by the square of the charge: 


hence 
E(x) = F (u(x) + TODE F (dT) + F (8(x)48(W)) (31.3) 


Measurements on the ep scattering of course give us only this sum and we cannot 
extract the separate terms from this alone. On the other hand we have data on 
neutron scattering too. The neutron is given by the same formula except u(x) 
would nów be the number of up-quarks in the neutron. However, by isospin 
reflection the neutron functions are got from those of the proton by replacing 


u by d, d by u. Thus, if u(x) continues to be as defined, the number of 
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"ups" in the proton is also the number of downs in the neutron, we have 


ECD =F (ult UO) +E (axa) +E (ta) (31.4) 


We have data on both these functions. The ratio a behaves like 


xel 


It has been suggested that possibly f/f, l-x falling to zero as x + 0. We 

see immediately that this is impossible if charged partons are quarks; since 
u(x), u(x) etc., are all positive fal fp cannot fall below .25. The original data 
only went up to about x~ .8 and had fallen to perhaps .3 so .25 was a possible 
limit as x > 1 but we have since learned that there was a mistake in the computer 
program and it is closer to .4 for x near 1. 

However, just for an exercise, what could we deduce if fa/fp was shown to be 
just 1/4 as x + 1? That means d(x) falls to zero faster than u(x) as x > l1. This 
would result if we supposed that the y (in a or (1-x)Y7}) for wee partons of 
total isospin zero is smaller than the y for isospin one (only one non-wee 
parton). Then the leading term (lowest y) would require that the fast parton 
have the same isospin as the proton, up-quark only (since the wees are isospin 
zero). However, in that case the probability of exciting the A resonance (of 
isospin 3/2) would fall faster than the elastic peak for one can only make a 
A from wees with isospin one (as the leading quark can only contribute 1/2). 

Thus we would expect the 4 resonance to fall off with a faster than others 
(data is insufficient to indicate whether this is true or false in fact). 

We can argue (if partons are quarks) that if f/f, falls below 1 it "almost 
surely" falls to 1/4 as follows: We first assume that almost surely (7?) the 
values for y for different quantum numbers among the wee are not equal and that 
one therefore dominates. First among the simpler ones of zero strangeness quarks 
we have Yo for I = 0 and Yi for I = 1. Hence depending on which is smaller we 
have eventually (as x > 1) a pure I = O or pure I = 1 among the wees. For I= 0 


the non-wee quark must be (1/2, 1/2) or u, this gives immediately faf = 
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(charge of d)? / (charge of u)? = 1/4. If I= 1 the non-wee quark can be u or d 
with weight given by the appropriate Clebsch-Gordan coefficient p = Y2/3 (+1)d - 


V1/3 (O)u, n= Y1/3 (0)d - V273 (-1)u therefore 


f 


[n n (2/3)(4/9) + (1/3) (1/9) -2 if 171. 
fp (2/3) (1/9) + (1/3) (4/9) 2 


Hence on the assumption of unequal y's either 1/4 or 3/2 is the limit (therefore 
if below 1, it is 1/4). (There is the possibility that the non-wee quark is an 
antiquark, in that case if I = 0 dominates f/f, = 2/3 but this possibility is 
considered very unlikely for p and n). 

Another state may be wees of strangeness +l and the non-wee pure s. It is 
unlikely this is easier than the non-strange case, but even so the ratio would be 
one, hence excluded. 

Several models have been made which predict ratios below 1 but above 1/4. 
All of these assume the lack of correlation of fast quark quantum numbers and wee 
state character which we explicitly argued for, that is, they imply a degeneracy 


Y= Yo in which case, of course, other values are possible. 

The reader can show that the ratio of Gu for proton and neutron comes out 
-2 for isospin zero wees, for large aq? (it starts at Up/ Hy = -1.4 at a = 0). 
The case that the total angular momentum among the wees is zero should be tried 
first. Show also that Gy for the proton is positive for large P so no sign 
change is necessary as a rises, which is satisfactory because experimentally 


Cu for the proton never seems to fall to zero. Isospin one for the wees gives 


cÈ /Gu > 0 and O is positive at large ae 


Lecture 32 
Momentum Carried by the Quarks 
Another interesting study is the total momentum carried by each kind of 
quark. 
Let U = ftw + u(x)]x dx: D= [taco + d(x) ]x dx; S = fiw + s(x) )x dx 
be the total momentum carried by up (plus anti-up) quarks, etc. Then we know 


[ f(x) dx = .18, fx £08) dx = .12 so 
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4 1 

gUtGPt+G = .18 

l 1 

gUtgDd+G = .12 (32.1) 


Now if we assume that there are no neutral partons beside quarks (e.g. no 


"gluons") all the momentum of the proton is quarks, we would have 


U+D+S = 1 
Solving these equations we have U = .21, D= .03, S = .76. This result is clearly 
unreasonable - that 3/4 of the momentum of the non-strange object proton is to 
be found in the strange quarks. This indicates most strongly that all partons 
cannot be quarks - there must be some neutral ones carrying momentum, say N. This 
momentum can be thought of as in the field, if any, by which the quarks interact; 
(possibly for example a neutral pseudovector) which if represented in field theory 
by intermediate field partons are usually called gluons. 

In the region near x + 0 the functions Ss and fa diverge as .32/x, corres- 
ponding to infinite numbers of quarks and antiquarks. (The net number of quarks 
is finite, see eq. 31.2 and discussion.) Further 7 and fa must have the same 
behavior so if u(x) = a/x for small x then u(x) = u(x) = d(x) = d(x). We do 
not think we could prove s(x) and its equal s(x) must equal that value also 
because SU(3) is not perfect, but it may not be far away (if indeed it is not equal). 

An interesting quantity is the measure of how u and d approach each other 
as x > 0; although each is infinite, the difference is finite and integrable. 
Experiment gives about .17 for the integral ice - £ (0) Jdx but the error 
is large for it depends precisely on the small difference near x = 0 (as it is 
Pow, - vi") dx/x.) 

0 
Models 

Some people (as for exmaple Paschos, Weisskopf and Kuti) have tried to guess 
the functions u, d, etc., by making simplifying assumptions which are chosen for 
their simplicity rather than their physical necessity. Such predictions may or may 
not succeed, if they fail all we say is nature is not so simple. Unlike the ideas 
of the parton model we have used so far, the additional assumptions made in these 
models have in general no physical backing. In case any of you are interested 


we give anexmaple of such a theory here: It is that the wees or dx/x region 
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is made entirely of uncorrelated pairs, and that on top of these there are three 
"valence quarks" of the kind of the three quark model and the wave function of 
these is a simple product of independent pieces. (We do not expect such 
simplicity.) That is, if a(x) is the typical sea distribution and v(x) that of 


a valence quark we would write 


u = at2v u s.a 
d = atv qd =a 
s = a 8 =a 


for the proton. [ve dx = 1 (to get 31.2). Near x +0 it is a(x) that goes 
to infinity (as 3a/x) but x v(x) + 0 as x + 0, This predicts for the total 
momenta carried by quarks S = 2D -U so the data (32.1) gives U = .36, D = .18 
and S = 0 (surprise) hence we are in some kind of trouble (a cannot be zero) 


unless the experimental errors allow [x fa dx to exceed if 5 dx. 
1 1 
At any rate some momentum (46%) must be in gluons. It predicts (£,, G0) -fa Gx) ) dx "3 


which is hard but not impossible to reconcile with the experimental .17. It also 
predicts Wo! Won + 2/3 (hence probably wrong) by supposing that as x > l,a falls 


faster than v. 


Lecture 33 


Future tests of charged partons = quarks 


So far no direct data is accurate enough to test or eliminate the idea that 
charged partons are quarks. However further experiments can. We give two examples, 
neutrino scattering and polarized electron and proton scattering. * 

We shall discuss the inelastic scattering of neutrinos from proton w > yu 
plus anything in detail in the last part of this course. We do not know weak 
interaction theory as well as quantum electrodynamics but can use these experi- 
ments themselves to test it (e.g. if interaction is not a point-like four fermion 
interaction scaling will fail in the form derived below)- but supposing it is 
all right for now, we suppose the coupling with quarks is (4 ¥,,itty5)v) (Q'y, (1tty,)Q) 
with the quark quantum numbers from u quark to cos 8. d+ sin 8. 3 where 8. 
is Cabibbo's angle, sin? Pa «06. For simplicity of our rough discussion here 


we take 6 = 0, 
c 
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Then if we scatter y to ut it can affect only up quarks (sending u to d) 
ord quarks (d to u). Thus we would expect to measure just u + d if the current 
were pure vector, but it is V-A. The Ais just like V for relativistic 
particles (except the sign is not reversed for antiparticles as it is for V.) 


If for the V-A current matrix element we write 
v * Vv 2 2 2 
My Salay- <x| IV-i lp> 2n (M M -2MV+q ) (33.1) 


in analogy to electrodynamics we find that the general form by convention is 


T 
Muy M t4 PP uvod Pa W3] (33.2) 


2- ae | Wy -24e 


(leaving out all terms proportional to ay because they give small effects at 
the u, v end proportional to (mass w2). W> W are as in electricity except 


they contain VV and AA (nearly equal); the new term W comes from interference VA. 


In the scaling region VW3» 2MW, » vW., scale to three functions f (x), f (x), £,(x) 


3 
(x = -q7/2Mv). If partons have spin 1/2, f3 =2x fi: For the quark model we get 


fP = 2u +d esas +s sin“6) 


1 

fn = dtu zos ð +s sin20) 
fie = 2(u+d cos“6 +5 sin?0) 
a" = 2(d+u cos cð +s sino) 


fP = 2(u-d coste -s8 sin“6) 


3 

f° = 2d-u ‘Soar -s8 sine) 

i = -2(u - d cos20 -s sine) 

i = -2(d -u cos?0 -3 sin?0) (33.3) 


Thus we have many relations, for example 
VP 24(d cos*a +s 3in0) 
=4 (u cous +s sin20) 


EP + fo" =4(d cos?9 +8 sin) 


f + f3 =4(u cos?60 +B sin’e) (33.4) 


* See also Appendix B 
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2 
Neglecting sin 6 


-a g VP vp .¢P_¢ P 
4 u fi + fy 4 u fi f3 
z= vn vn vn vn 
4d fi + f3 4d fi - f; (33.5) 
Sum rules 


1 
f (a - £,°P)ax 2(2 - cos*e) = 2 


0 7 
pas = f1 dx = 2(1 - 2 cos?e)z -2 
0, -_ 

pray? + £,°P)dx = -2(-2 = cas”8)% -6 


Pex + £, "dx = -2(1 + 2 cos*6)=-6 (33.6) 
0 


the first is Adler's sum rule (not quark model dependent), the third was first 
derived by Llewellyn Smith and Gross. 


Distribution predictions 


£, - i? = 2(-(u-u) + cos?0 (d-d) + sin“6 (s-8)) 


= -6(£fP ace); + sino Clase). - (d-3)) (33.7) 


the last term can probably be neglected, it gives a very close check on the model. 


Also 


Ta - i = 2(-(d-d) + ran (u-u) + sin-o (s-3)) 


= 6 cosa, (£°P - £°) + sine ((s-8) - (d-3)) (33.8) 


by subtraction with the previous relation can be used to eliminate the last 
term if there was any doubt. 

Knowledge of £,°?, DE £°P, £°" allows us to obtain u + u, d+d, 5+8 
separately and a permits further separation into u, u, d, d, s + 3 neglecting 
sin’6 
Deep inelastic scattering with spin 

If the electron beam and the proton is polarized in the deep inelastic 
scattering we can obtain still more information, this time about how the 
partons are polarized in a polarized proton. For definiteness we shall assume 


all the charged partons have spin 1/2. 
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For a particle at rest the state may be described by saying the spin is ia some 
particular space direction s. Relativistically transformed spin states can be 
described by a unit four-vector sy (the transformed s is as though it were a 
polar vector) satisfying Halt = 1 and a Pa 0 P, = momentum of state). When 
taking matrix elements we can use spurs and sum over states if we replace the 
usual projection operator # + m by the more complete (g+m) (G-iy ,4)/2 to project 
into the spin state s This s; is a pseudovector. The spin state of p in the 


J factor of 
v 


a 2 2 
wee Dy <X|J\)|p'>*<x|J, | p> 2n6 (M, - (P +q) ) 


need not be the same as the spin of p in the J factor; but the quantity we want 
depends on spin as a 2 x 2 matrix (density matrix) one of two states in, one of 

two out. However all the information is contained if the diagonal is known for 

all states, not only for p = p' = +z or -z but also for p = p' = x = ((+z) + (-z) WZ 
for example (in fact, these three and p = p' = -x are enough in our case). Thus 

we consider only diagonal cases p = spin p' = s but for various 8° Wy can then 


be shown to be of the form 


M 2 À g o o 
r Wv = 4P PW - 4M 6 pu tate vaot Ms G+(P qs -3°qP )G,] (33.9) 


W, are as before and 


(disregarding terms proportional to 4, or a) where Wis 2 


2 
Gi» G, are two new functions of q , v. 


What do we expect for these new functions G G, in the deep inelastic 


1’ 
region according to the parton model? If a parton has momentum Py = xP and 


u 


spin described by w the scattering to Po = Py +q is described by 


sp (tm) v, (+m) (ivg) ¥,)/2 = 
. Ao 
2 (Py Poy + PyyPay T Sy PD) + tme, ga) (33.10) 


Let us use for example the coordinate system where the photon has: pure z 


component 
2 
q = (0, -2P x, 0, 0) 2Mv = 4p x 
2 
P, = (ey P, 0, 0) eae ane xt 


Now first suppose the helicity of the proton is +, thus s7 (P, ce, 0, 0)/M. 
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Further let 
h, (x) = No. of partons -° (charge)? with helicity + in a proton of hel. + 


h_(x) = No. of partons - (charge)? with helicity - in a proton of hel. - 


we have w” = (P 0, 0)/m = xMs"/m for hel. + and w” = xMS”/m for hel. -. 


1 "1 


We therefore have 
1 1 2 2 2 
Zr "uv JE mamoa P P, ~ 256 Pea) & ((EP+q) -m -a) + 


+ f Faa) (Zime 4°47) 6 ((eP~q) 2m? -a) (33.11) 


The 6 function gives 6(&-x)/2Mv in the scaling limit. The first integral gives 
the results we already know 2MW, = f(x) = h,+h_ and vw, = xf (x). The second 


integral gives 


aM’y (G, - 2xG,) = h (x) - h (x) (33.12) 


therefore the function G) -2x G, scales. 


Suppose now that the proton is polarized in + x direction, we have 


sews (0, 0, 1, 0) for parton with pol. + x and wW = -8° for pol. -x. 


k(x) = No. of partons - (charge)? with pol. + x in a proton of pol. + x 
k_(x) = No, of partons - (charge)? with pol. - x in a proton of pol. - x. 


We have an expression of the type (33.11) with hy replaced by k} and h_ replaced 


by k_ from which we derive 


am?ve, + mya, = mk, (x) - k_ (xx (33.13) 


therefore the function 2M*vG, + avc, scales. 


Hence from (33.12) and (33.13) Mv c, scales and M Gi scales and we write 
2 2 
M vG, = 8, (x), Mv G, = 8, (x). These are the scaling predictions for spin cases. 


The term in G, in (33.12) is relatively negligible (order 1/v times term in G). 


We have 
2 g(x) = h (x) - h_(x) (33.14) 
2 (g, (x)+g} (x)) = k(x) - k_(x) (33.15) 


hth =k +k = f(x) 
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Of course, these new functions 8» 8, cannot be obtained from f(x) because new 
distributions are involved, the number of partons with various spins is states of 
various helicity, so that we derive nothing but the scaling rules even if we use 
a special model like quarks, etc. However, in that model we can obtain a 
remarkable sum rule of Bjorken. 

We can use our proton wave function (described by parton) not only to obtain 


predictions for deep inelastic scaling but like any other wave function we can 


write the expectation value of various operators for it. We have already done 


that trivially when we wrote 4, as the operator >. eY, and found the 


quarks 
total charge on the proton to be expressed as [ a (u-u) - > (d-d) - > (e-3)| dx. 
Now we will discuss the expectation of a less trivial operator, the axial 8 
decay operator for p > n transitions, It is written empirically as 
+ - 
<p| 34, [n> = iY ¥5¥,) (G,/6y) and experimentally G/G, = 1.23 + .02. Theoretically 


+ 
in the quark model the operator a, is the sum over quarks of t YuYs on I spin 


raising op). If we change the I spin to third component we can use the relation 


3 3 — 
<p| J, lP> = <p as 1 T YpYslP> = HLy7eu, (G4/G,) (1/2) 

We calculate both sides for a proton moving fast to the right with momentum P 
and spin s° and sum on proton states via a spur operator correctly projecting. On 
the left side we have the corresponding sum on quarks, thus 

1 a u 
Total of sp [(p+m) (-ty Psy, ] = 5 (G,/Gy) ep [Ø (iy Pysy] ŞS mw 


summed with weight + 1/2 for u, u; ~ 1/2 for d, d = (G, /Gy)8°™/2. Now the sum 
on the left is exactly the integral over x of 2 8> (or 2(g,+8,) depending on 
the spin case) that we needed for deep inelastic ep scattering except the 
weights in the latter case were 4/9 for u, u,1/9 for d, d and 1/9 for s, s for 
the proton (or 1/9 for u, u, 4/9 for d, d, 1/9 for s, s for the neutron) while 
here we want 1/2 for u, u, - 1/2 for d, d. But the difference of 8) for proton 
81, and neutron Bin has weights 1/3 for u, u, - 1/3 for d, d or 2/3 of what 

we want. Hence we have for the two polarization cases 


Sy 


1 
£ wif A (33.16) 
2 fe, 435 Gy 
0 


1 
z ak (33.17 
f@, - Bin + 82p T Ba" 3 1G i 
0 
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1 
((33.16) is Bjorken's relation). From these we conclude Sien - 82n) dX = 0. 
0 
This comes merely from the equality of the coefficient for the polarization z 
and x cases, an equality which would have to hold no matter what the weights 


1 
were; so we can conclude individually Sint = 0 and [sont = 0, i.e. 
1 
faa =0 (33.18) 
0 


a result of rotational symmetry (angular momentum conservation). 


The first relation is more remarkable and would test simultaneously the 
quark view, and the interpretation of the weak current as y,, Gtiv,) not only for 
the elementary particles e , Vor Us vi but also for the elementary constituent 
quarks (or quark quantum numbers on spin 1/2 partons). Its verification, or 
failure, would have a most decisive effect on the direction of future high 


energy theoretical physics. 


159 


Tests of the Parton Model 


Lecture 34 


Angular momentum in parton wave functions 

The equation es = 0 comes from angular momentum considerations (that 
the proton is spin’ 1/2 and the parton is spin 1/2). This brings up a general 
research problem about angular momentum and parton wave functions (functions 
of x and transverse momentum kj). The dependence of these functions on the 
transverse momenta ky is not known, and are very interesting theoretically. Can 
any information on this, or other questions, be got by studying the angular 
momentum properties of parton wave functions? For example, what restrictions 
if any on the wave function come from the fact that the total angular momentum 
of the proton is just 1/2? Or, suppose the parton probability distribution f(x) 
were known for a A of helicity + 3/2. What could you say about the distribution 


for a A of helicity + 1/2? 


Other experiments testing parton idea (Drell) 

Drell has suggested another experiment which can be predicted by knowledge 
of the parton distribution. Again we use the parton as quark model to describe 
the idea, but it can of course be analyzed the same way in other representations 
for partons. The reaction is p + p + ie + anything. Proton plus proton (or 
p+ P) at very high s (e.g. P in CM is large) makes a Ei. pair whose energy is 

160 
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proportional to P, and whose z component of momentum is of order P, as P + œ, 


The picture is 


the u pair is made from the annihilation of a parton in proton A and anti-parton 
in proton B and the other partons just keep going on to make final hadrons, the 
"anything". By suitable choice of the energy and momentum (in z direction) of 
the u's we can determine x) and X3 of the annihilating partons. (Thus if, 

in the CM, the momentum of the colliding protons is P, and the energy and total 


z component momentum of the u's is €, P,» we have by conservation of momentum 


and energy 
Px) - Px, =P; 3 Px) + Px, =e 
Px, = (e+p,)/2P ; %» * (e-p, )/2P 


It will be easiest to measure the pair at large angles (the angular distri- 
bution is 1 + cos” 6) so no great loss of intensity occurs here, and background 
hadrons which should move primarily in z direction are avoided. If 6 = 0 is 
chosen however, the momenta of the two u's give directly PX)» Px, because in such 
a one-dimentional collision of relativistic particles the momentum of the final 
particles is the same as that of the incident particles. 


The cross section for this is the cross section for relativistic pair 


annihilation (fq + soa ð )/16 e?) times the chance C of finding the appropriate 


partons to annihilate; e.g. for p + p, if partons are quarks: 


C= $ (u(x DU) u(x) + F (d(x ACK, 4TH, dx) + 


+ È (9(x,)8(x,)+3(x,)8(x,)) (34.1) 


To be valid, of course, the wee region must be avoided (that is, P must be 


high enough that Px), PX, are large compared to 1 GeV). One might at first be 


concerned that the | P>|P> state we start with is not a stationary state, for 
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protons scatter via strong interactions so the possibility exists that the parton 


distributions are first disturbed by "strong" interactions before they annihilate 


to make u's. But we are coming to understand that the "strong interactions" 
are not so strong in this sense - that in hadron-hadron collisions it is not 
the fast partons that interact, but the wees. This accounts for low momentum 
transfer and scaling in very high energy hadron collisions - so as long as we 
avoid this wee interacting region (interactions via finite energies, not of 
order P) the partons act as free particles nearly (as P + œ), 

Obviously with enough data we could see if a form like (34.1) could work - 


or if we know u, u etc. from neutrino scattering we could test it directly. 


Lecture 35 
ptp? utu” + anything (continued) 

Gronau has pointed out that with no further data than we already have we 
could calculate this factor C in at least one region. If x, is small, we 
know all the functions u, u, d, d go as a/x, with the same a, and s, 8 go as 
a,/x)> where a, may be close to a (but not necessarily exactly equal, say 
a, = a -B with B small; SU, says as = but it is incorrect). We shall first 


consider B = 0, and then say what the effect of it is. Hence in this region 


{a = .24) we have 
Co FO (ule) +) +G (AO) + TE)? +3 (a(x,) + 8(x,))] (35-1) 


But the last factor is just f°?(x), the 20W for the proton and is known, 

so C is predictable in this region. It shows that Drell's experiment could 
easily serve as a test of any parton model - and will be an interesting experiment 
to watch. 


If 8 is not zero we get 
oe EIDER LEP) -$ (eC) + 8(x,))] 
1 


so it seems that there is little effect from any reasonable 8. For example, 


for xj» Xy small 


2 2 
4 (.24 B 
C= 3 A [1+5 e) ] 
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a very weak dependence on 6. 
In a similar way we could describe the proton antiproton case pepe yu + 


anything. It would be determined by a factor 


ct = $ (u(x, (xy) F(x, TCE) + È CdC Dal) 4TH, TCH) + 
+ F (9(x,)9(x,)45 (x, )5(x,)). (35.2) 


If finally, the functions u, u etc. are determined for the proton, the 
corresponding functions for the pion u(x), u(x) etc. could be obtained through 


(difficult to get enough energy) "n + p + ii +x for now 


coed (a Oe), Op) #40, Du, (x, ))+ ; (ap pT, (xp) 44 (x) 4, (x,))+ 


1 - = 
+5 (8, (x) 8, (xp) +85 (x) 8, (x2) (35.3) 


Electron pair production of hadrons 


Drell has suggested that another fundamental experiment may yield information 
about the character of partons. It is ette” + any hadrons at high energy. We 


would expect to produce some spin 1/2 parton pair of charge ej» 


4 4 
do 2 £ 2 =b 2 Ane 
mä es (l+cos 6) > oO e ae (35.4) 


= (e,/e)"o, where 9 is the cross section for spin 1/2 pair production (e.g. 
ete” at) - Now this pair would turn into hadrons - and if the energy is high 
enough, of nearly the same energy as the virtual state of a parton pair. Thus 
if there were a number of parton pair types of charges ej» ê etc., the total 


cross section Jette” hadrons is just the total to make each pair: 


+-, ` 
BOLE hadrons) 2 e (35.5) 
olee >uų) i 


That is, the ratio approaches a constant, and the constant is the sum of 
squares of parton charge summed on each type that exists. If there are any 


spin 0 partons they would contribute i as strongly (e.g. ie for each spin zero 


parton). We call D = 2 e "Dre11's constant" 


For example if partons are quarks we expect 5 e? = i+ z+ 4 = 2/3 for D. 


If partons must carry integral charges, and be spin 1/2, the sum must be at least 
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1. In the case of quarks we would have the difficulties we have disregarded 
as to how a pair of oppositely moving charges of + 2/3 say can turn into only 
hadrons of integral charge. There may be some way to get the required extra 
quarks from a soft sea of pairs, but one can perhaps legitimately question 
whether the above arguments are entirely clear, involving as they do an assumption 
that the parton states go entirely into hadron states. Is it really consistent 
to do this and omit states of quark quantum numbers? It would be most exciting 
if the ratio does come out 2/3 as well it might, for the theoretical questions 
produced by such a simple answer would be very interesting. I think it would 
be worthwhile as an exercise beforehand to assume the result was really 2/3 and 
see what paradoxes, if any, would then have to be resolved. 

As we discussed previously theoretically (lecture 5), the total cross section 
for a(ete” + any hadrons) as a function of a a = [zA E = CM energy) determines 


the vacuum expectation value of the product of currents 
<0|J (-a)J (a)|0> = (qaq, -6 a2) o (4_)p(a2) (35.6) 
u v u*v uv o 


with 
2,2 
g (4ne ) 2 
a 2 plq) 
2q 


The vacuum scattering of virtual photons by virtual hadrons is determined by 


2 2 
F.T. <0| {3 DI (2) } 10> = CEN -q ALCI ) (35.7) 


1 2 
where dispersion theory told us Im(iv) = 7 pla), 


2 
we ilva vo] = 2, f sede (35.8) 
1a(4ne) mn? s-q 


(l + above quantity) is the factor by which a photon propagator 1/4 must be 


multiplied for first order effect of virtual hadrons i.e. 


a O 7 2 ane” j{v(q")-v(0)} 


The low energy tests, like effect on Lamb shift depend just on the lowest 
ar or only on iv'(0) that is fos" "as. 

Today we can begin to say something quite detailed about this, for in the 
region (2m)? to just above 1 Gev? the cross section is dominated by the p, w, ¢ 
production. Perhaps pla?) settles down to D/6n for large a fairly soon. 


Although one might suppose we might have to go decidedly above the nucleon 
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pair creation, this may not be true; soft particle production may dominate at 
all energies and reach its asymptote sooner. 

A. Cisneros has calculated the various hadronic contributions to iv'(0). 
The contributions from the p, w and ¢ turn out to be ten times larger than 
the large a contribution under reasonable assumptions about the likely value of 
Drell's constant and the value of a at which pla?) attains its asymptote. 

Data from ete intersecting rings can be used directly to obtain the 
contribution from the p. The data is simply inserted in the formula 


2 
iv'(0) = — f LI gq? (35.9) 
1(4ne”) Gm? q 
to obtain 
4 -2 -2 
iv p® = (5.5 + .5)10 GeV (35.10) 


(What was used here was the data on the pion form factor which is almost 
everything there is in y(virtual) + p > hadrons. The 4n inelasticity is very 
small even at ac = (.8 Gev)?). 

In the case of the w and ¢ we assume VDM, which works well in this type 


of process. In this case the contribution from the vector meson v = w or ¢ is 


F n 4 
2 
plq) = AE EE ae (35.11) 
m ( 2 Jar T 2 
g om u v v 


From the relation Im (4v(q")) = A pla) we deduce 


2 
m 


ivy = +, —+—_—_ (35.12) 
8, (q m; )-ir m, 


For a very narrow resonance, which is a good approximation for w and 9, 


2 2. = 
we have p(q ) = DB, By P2 rela -m ) the value of iv'(0) is simply 


iv,'(0) = g m (35.13) 


(This formula gives iv’ (0) =5.3x 107? cev for the p, in good agreement with 


what was obtained above using the data directly.) The contributions of the w 


and » are therefore 
iv’ (0) = (.7 + .1) 107? cev? (35.14) 


iv! ,(0) = (.57 £ .06) 1072 cev”? (35.15) 
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We now evaluate the contribution from the "tail" of pla) assuming it has 


2 


attained its asymptotic value D/6n at i =a 


2 


iv' (0) = tf 2 4 2 Pl (35.16) 
t z TTIE 


o 
This gives iv’ (0) = .84 x 10° Da, If ay is as low as 1 cev? and D 

is the quark value 2/3 we have .56 x 1072 cev for iv' (0). We believe the 

actual value of the non-vector meson contribution not to be much larger than this, 

we assign to it 100% uncertainty. Adding the various contributions we get 

finally 


iv'(0) = (7.3 # 1.1) x 1072 Gev“? 


hadrons 
This corresponds to a correction to the magnetic moment of the muons of 


8 


(5.5 + .7) x 10° in (g-2)/2. 


2,-1 


For comparison, iv'(0) for muons is [ane 15 M ] mo 


= 15.3 x 107? Gev 
so the hadronic contribution is about one half as large. 

Away from a= 0, the contributions to iWiq= (0)) from the tail of p(q-) 
grow as the vector meson contributions fall, so the uncertainties are greater. 


Another expectation of interest from the parton model is the angular distri- 


bution of hadronic products in high energy ete” collisions. 


H hadrons 


hadrons A 


We expect that partons of spin 1/2 are produced with an (1+c0s” 0) angular 
distribution and that the final observed hadrons will have small transverse momenta 
relative to the direction 6 in which the partons were produced at high enough 
energy. Two bursts of oppositely moving hadrons are expected which will determine 


the angle 0. If there are also charged partons of spin 0 the angular distribution 


will be 


2 1 2 
Dij2 (1 + cos 6) + 7 Do (l - cos’ 6) 


where D2 and D, are Drell's constants for partons of spin 1/2 and spin 0 


respectively. For quarks we expect of course only a (l + cos76) distribution. 
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Lecture 36 

Inelastic e p scattering as properties of operators 

We should now like to turn back to a point of view, described more par- 
ticularly in the first lectures of this course, of the electrodynamic properties 
of hadrons as being measurements of properties of the current operators JQ). 
For example there we said we expected that the commutator (J (2), JQ] would 
vanish if 1, 2 were outside each others light cone. Second order interactions 
were described by matrix elements of a second operator Vout 1) which we showed 
would be expressible as a time ordered product of the first ones J, (written 
{5,(2) I Dp. 


As we have seen the e p scattering measures a function which we have written as 


ay = De Spl Jy (-q) | x><xl 3 (q) |p? 216 M-i). 


We now consider it in a more abstract way. First we note that if the states 
p and x are imagined to contain their center of mass momentum factors, the 
2r6 (M, -(P+a) would be unnecessary, for the class of states x' now mean one 
of mass Me moving with momentum P. Thus 


K, (q) = 2 <p|J. (-a) [x'><x"|J. (a) | p> 
Mu all x' X u 
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or by completeness, 
KD = <PlJ(-a)J. (a) [p> 


Thus Ka is the expectation on the proton of the product of two operators. 

We have measured it only for ae < 0 but it exists also for ae > O and of 
course the entire function for all ae both positive and negative belongs together 
theoretically. For positive ae however, there is a small technical point. We 


wish to alter the definition because we do not wish diagrams which do not affect 


J 
nasrone() 
J 


Such terms do not exist for the non-dizgonal matrix elements of the product of 


the proton at all, thus proton 


operators term < p [J (-a")J (a) | p> and we should like to define K as the limit 
of this as p +p to obtain a suitably useful definition of matrix elements 
of the product operator. We can get the same result if we explicitly subtract 
the contributions of the disconnected diagrams of the type above. Hence we 


write 


Ky 6a) = < Pld (-a)J, (a) p> - <0] J, (-a)J, (a) |0><P | p> (36-1) 


Then if the final p is changed to p' slightly different, the expression 
defined by (36.1) is continuous. 

We would like to consider, for theoretical purposes, various other currents 
beside electromagnetic - we can have various SU} generalizations in an octet (or 
nonet) (i.e. currents with different charge numbers) and axial currents as well. 
Thus we let these indices (su, and axial) as well as the u, v indices of space 
be contained in a single letter A (calling JQ) = A(1) etc.) to save writing 
in general arguments, and can always go back and insert indices at the end. 

Thus if A is any operator of our allowed set (for our examples, a vector or 
axial vector local current in SU, octet or possibly singlet) we write (obviously 


the diagonal proton state can be generalized immediately too, but we leave chat 


for the student). 


Kpa (9) = <p|B(-q)A(q)| p> - <0|B(-q)A(q) |0><p| p> (36.2) 
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And lastly we omit writing the last term for simplicity, but you must 
remember that, for diagonal matrix elements it is there. 
Ka is the diagonal matrix element of the product of two operators. 


Evidently we can define a corresponding thing in space: 
Kya (2, 1) = <p[B(2)A(1)| p> 


Since the diagonal element K depends only on the difference ae - Ziu or 
2-1, its Fourier transform is Kga (a). We explicitly call the components of 
q = (v, 9) in the system where the proton is at rest (others via relativistic 


transformation). Thus |p> is at rest 


Kpa “>? ĝ) = <p|B(-v,-Q)A(v,9) | p> 


- 2 <p|B(-Q) x> +} <x|A(Q) |p>é (EB. -E_-v) (36.3) 
all x 25, xP 


Since K gives the product operator we can find from it the commutator as 
well as the time ordered operator so useful in scattering. 

We note, in our case (in the rest system of the proton), since the proton 
is the lowest mass of all states of baryon number one (and A does not change 
baryon number) that Ek > E_ for all x. Hence if v < 0 the ô function is zero - 


no state can be reached by A(v, 6) | p> if v < 0 - and (|p> at rest) 

Kya #0 4f veo , (36.4) 

Now the commutator matrix element is defined by 

Cua (2,1) = <p|[B(2), AD] [p> = Kals 1) - Kg, 2) 
so its Fourier transform satisfies 

Ca, @ = KA, D -K - O (36.5) 
We note that K can be obtained from C and vice versa because of (36.4). Thus 

Ka ĝ) = Ca Ê) for v>0 (36 .6) 
and Chal, 4) = -Cag l> ĝ. 

Thus in measuring Kpa (Y> Q) we are measuring the Fourier transform of the 
commutator of two currents, 

We shall discuss the consequences of this interesting result in a moment, 
but while we have these equations before us we wish to derive a few formulas for 


the scattering amplitude which we will need later in the course. As we have 
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discussed the scattering amplitude for an incoming photon (virtual or real) 
coupled to J (1) say A(1) to an outgoing one coupled to B is determined by the 


operator 
Vaa (2s 1) = {B(2)A(1)}, + seagulls (36.7) 


we discuss the effect of seagulls (if there are any, 6(2-1) type terms) later 


and omit them for a while. 
{B(2)A(1) hy = €(t,-t,)B(2)A(1)+0(t,-t,)A(1)B(2) 


If in particular we are interested in the forward scattering amplitude 


Ta (9) on a proton with a photon of momentum q we need the Fourier transform 
F 
-iT,, (v, Ò = F.T.[6(t,-t,)B(2)A(1)+0(t,-t,)A(1)B(2) ] (36.8) 


(The superscript F indicates that the choice of sign of the imaginary part 
for negative frequencies is taken according to the convention of Feynman in his 
QED papers; there is a different choice called causal amplitude, aw which is 


often very useful.) 


To take the Fourier transform of the first term in (36.8) we have a product 
of a(ty-t,) whose F.T. is i/(vtie) and B(2)A(1) whose F.T. is Kya’ D and hence 
we have the convolution of these. In the same way the second term is the 


convolution of -i/(v-ie) (the F.T. of a(t, -ty) and Kag (7> d. Hence 


F Be ee i al 

Tga’ Q) Jre LOA ĝ) a EETA Kag” ý d] Tr (36.9) 
Now use oe = P z} t ind(v'-v) 

To Ò -f(e E Cah 0) $+ F sm ca È + oga (36.10) 


sgn(v) = +1 v> 0 


-lv <0 


where we have explicitly added possible seagull terms OBA which is simply an 
unknown (finite order) polynomial in v, å. Thus the scattering amplitude is, 
except for a polynomial, given in terms of the commutator. 

Negative v, is of course, not defined by experiment. However it can be 
obtained from measurements of the reaction with antiparticles (using A for A) 


via the connection implied by (36.10) and the relation for commutators (resulting 
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from the fact that A is the adjoint operator to A) 


Cpa È" = ogy (vy È = -cpg Cv, D 


so that (36.10) implies 


Ta Ô = Tp Ò 


Lecture 37 
Properties of operators, continued 
Another more usual convention (causal amplitude) to define the negative frequency 


extension changes the sign of the imaginary part for negative frequencies 
TE (v, 0) = TE cy, È) + 410(-v) c Cv, Q (37.1) 
BA.’ BA’ ’” BA’ ’ re 


Thus CG; Q))* = $ (-v, 4) 


and also (37.1) becomes now 


Li 
Te, @ = IERSE 4) eat, ong (37.2) 


The significance of Te (which is just as good a way of describing scattering 
as T) in coordinate space can now be seen. (1° is given by an expression like 
(36.9) except that the sign of the +ic in the last term is reversed.) In (37.1) 
we have expressed things in terms of the commutator but the last term can be 
more simply expressed as the product operator, from (36.5) and (36.6) we have 


0(=-v) Ch (ys 4) = -KaB Y> 4), the F.T. of *A(1)B(2). Hence (37.1) says 


-iT? 


= F.T. (B(2)A(1)}_ - F.T.AC1)B(2) 
for t >? ti we have B(2)A(1) - A(1)B(2) = (B(2), A(1)] and for t, < t> we have 
A(1)B(2) - A(1)B(2) =. 0 

Hence the scattering amplitude (causal)is the Fourier transform of the 
retarded comutator + seagulls. By retarded commutator we mean the comutator 


for ty < ty: 


-11E (a) = F.T.(<p| (B(2),A(1) ] p> @(ty-t,))+ seagulls (37.3) 
from this, (37.2) is directly obvious. 
(Remark. The 8(t,-ty) in 37.3 at first sight makes the result not rela- 


tivistically invariant, until it is realized that the commutator factor is zero 


for spacelike regions so the plane t" ti can be tilted arbitrarily as required 
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by Lorentz transformation. This is true at least if the commutator is not too 

singular at equal times which is often true, Difficulties sometimes arise making 

TE defined here not relativistically invariant unless corresponding non-invariant 

terms (called Schwinger terms) are added into the "seagull" part of (37.3).) 
Expression (37.3) serves as a general definition of the Chew amplitude, 

i.e. in space-time it is the retarded commutator, even when we do not have the 

diagonal elements, or lowest states (so the product operator is 0 for v < 0). 


The general definition of the Feynman amplitude is the time ordered operator (36.8). 


They differ by the product operator. 
Note on various relations 


Reality conditions 
Kal D = Kgl?) 
Cpa D? = Cgg0,2) (37.5) 
Ka OF = g o Ò 


(Cpa OM = oe, Ò = -ogv -Ò (37.6) 


Crossing 
(tev, Oe = 1 Cv, -Ò 


ro, Ò = t Ov, D (37.7) 


Imaginary Part 
(1 (wv, OD - TW, Ò = -ic Ò (37.8) 


The OBA satisfy reality and crossing relations required to keep them 


valid for T. Namely 
*o, 4 å å 
aga O» Q) = ogg Cv, -O = og (, Q) 
The commutator at equal times t= ti can be obtained by integrating Ch, $) 


with respect to v for all v, since [EED avjar = 6 (t,-t,). Hence Gell Mann's 


equal time commutation relation 


(antes 3), ACAD = 6° -2,) nual (a) (37.9) 
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becomes upon Fourier transform for our diagonal element on the proton, 


Í c ap Q)dv/2n = <pl52*(0, 0) |p> (37.10) 


JJ 
ou 


a constant, independent of å. This is called a sum rule. 

We now return to our study of the fact that in measuring Kpa V> Q) we are 
measuring the F.T. of the commutator of two currents. As examples of questions 
we shall ask are (1) What limitations on the F.T. result from the fact that the 
commutator vanishes outside the light cone? (2) From experimental facts about 
the behavior of K (e.g. Bjorken scaling) what do we learn about the character 
of the comutator? 

It behooves us to study the general behavior of commutators, and we begin 
our study with the commutator of two scalar fields of mass m in a system without 
interaction: 


C (2-1) = [0(2), o(1)] (37.11) 
We can express ¢(1) in terms of creation and annihilation operators in the 


usual way 


o(t,x) -5 up ar ae $ ape tk xtut (37.12) 
k 


/ 2 
Here w ree is the correct frequency to describe the operator's 
development in time for there is no interaction so the energy is that of a free 
* 
particle. The a's commute with each other, and the ak 's, only a and a* do not 


commute if they belong to the same k: 


* 1 
lar, ad = oy (37.13) 


We work out (37.11) immediately by forming the commutator, using (37.13), of 
an expression like (37.12). Dropping terms which obviously commute we are left 


with: 
_ -iw,t ikex iu t -ikex 

C(2-1) = C(t,x) >) = e k e -e “k e 

Kk W, 


iw t -kex 
e “k e (37.14) 


f ak -iyt ikex 


The actual integral can now be done - it involves Bessel functions. 


Here we will just do the special case m = 0, and say what the case m #0 
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gives, leaving details to the student. 


In (37.14) put k+x = kRcosé, ys k for m = 0 to get 


2rk2dk dcosð® -ikt ikRcosé 
e e + 
(21) ~ 2k 


C(t,x) = C.C. 


Fe 8(t7-R”) ogn(t) 


-i 1 
-7 R (6(t-R)-6(t+R)) = 
singular ô function on the light cone. 
For finite mass we obtain the same singularity on the light cone, zero 


outside it of course, and a Bessel function inside: 


2 
Ci(t,x) = isgn t [- Ss) + — J, (ms) 8(8”) ] 


Thus we see that the commutator for free particles is zero outside the light 
cone and singular (like ô function) on the light cone. 

We have discussed the singularities of two fields. Also instructive is to 
discuss the singularities from two currents. One such current might be in a free 
field theory J (1) = a) Ġ, + 3) or ¥(1)y,¥(1) for spinor fields. As 
an example we will leave out these gradients, etc. and find the commutator for 


“currents"that are simply squares of a scalar field 
K = [3(2), J(1)] = [6(2)9(2), 9(1)6(2)] = 26(2)[6(2), 9(1)]¢(1) + 
+ 29(1)[9(2), $(1)] (2) 


= 29(2) C (2,41) + 29(1) C (2,1)0(2) 


where c (2,1) is the free field commutator we worked out before. Clearly K 

has the same singularity sgn (ty=t,)6(8)5) as noted before for C, but this time 
multiplied by an operator function of two positions F(2,1) called often a 
bilocal operator. This operator is needed, of course, only on the light cone. 
for a 


Its matrix elements give functions of x (for example of t 


2u 1 2771 
diagonal element in a system of a particle at rest). So in general the 
singularities along the cone are modulated by a function of the distance from 
the origin of the cone. 

For interacting hadrons the commutator of currents is expected to be zero 


outside the light cone also, and non-zero only inside. An interesting question is 


how it makes the transition as we cross the light cone. Some sort of jump is 
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expected presumably. Is it in value or only in slope? Or possibly it has 6 
function as the free particle case does. Such a question is a fundamental one 
only answerable by experiment. 

We have the Fourier transform experimentally in Ky (v, 4). A singular 
behavior corresponds to some sort of high v, high Q limit; so it is the behavior 
at large v, Q that gives us the answer to the question. But in this region 
experiments indicate K(v, Q) satisfies Bjorken scaling - that is,it is only a 
function of — = -q2/2Mv. 

The most straightforward way to analyze this is to take the inverse transform 
of K, using the Bjorken limit and seeing what singularities it gives - then 
concluding the character of the singularities, because they depend only on the 
high v, Q limit are the same for the complete function as they are for the 
Bjorken limit. We will not try to be rigorous, because for one thing we really 
do not know, experimentally, K for a > 0, nevertheless we can see what happens. 

Let Q be along the z axis. A = qv = (Q,+v) (Q,-v) = 2Mvé, hence for 


large v, Q is nearly v in fact Qz = vtME. The Fourier inverse of a function 


of £ only would look like 


i(vt-Q_z) 1Q (t-z) -iMt 
lg fe 7 £@)dvág, = ; 1 fe te £(E) 46d, 
an 


= s(t) 6(t-z) 


where s(t) is the F.T. of the structure function f(&). 


To put it in another slightly more rigorous way we note 


£(-q2/2Mv) = anv [6 (q?+2mve) £(8)48 


Now omit for a moment the 2Mv (suppose we took the transform of Wo) and 
note for large v, a that to a good enough approximation the 6 (q2+2Mv8) can be 


replaced by 6 (q7+2MvB+M-B°) . So we get for large enough v, (q7+2MvB44- 8" = (q+8P)*) 


W = ‘foccarery?yeceyae 


Now we can insert, if we wish, a sgn(v) to keep the asymmetry as is required 
for a F.T. of a commutator, and for large v this is just sgn(v+8M) (if the 


proton is at rest). Hence asymptotically 
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W, = fean(vter )8((qtBP)*) £(8) a8 
2 o 


Now the F.T. is easy for we know that 


F.T. sgn(t)6 (s?) = agn(v)ó (q2) s et -R 
so that for a four vector a 


-iaex 
e 


F.T. sgn(t)ô (s2) = sgn(vta )6((qta)?) 


hence 


-ißP.x 


FTW, = fewa e agn(t)6(t--R°) 


noting P-x = Mt we have our previous result - that the significance of Bjorken 
scaling is that the singularity of the current operators has a 6 function-like 
singularity on the light cone. To be more precise we will have to include all 
the PP, factors, etc., and define everything precisely - there will then be 
gradients of 6-functions involved. The best way to say it in a general way is 
that scaling shows that the singularities on the light cone of the current 
commutators are just of the same severity as they would be for free particle 
fields. 

This is, of course, what we expect from the parton interpretation for there 
we assumed in the final statesx(which become the intermediate states of the 
commutator) the partons can be considered as free. Thus there is no surprise 
in the conclusion, it is only that we wish to state what we have discussed 
(scaling) in an abstract and general way (as current commutator singularities) 
with minimum references to a model. Although the statement still seems to refer 
to free particle fields, that is only a shorthand to writing ô and ô' functions 
on the light cone. 

Each general property of partons we assumed said something more explicit 
about the character of the singularity. For example, to say charged partons 
are spin 1/2 is to say the singularities are like those 6 or 6' functions charac- 
teristic of free Dirac field commutators. In addition, vector and axial vector 
results are related. If, for example, one adds that partons are quarks certain 
numerical relations are implied, as we have seen, between the singular parts of 


the commutators of various kinds of currents. (That is to say for example, our 
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relations among £°P and fF, EP etc. implied by expressing everything in terms 
of the six functions u, u, d, d, 8, 8.) 

Quarks, as free particles, have not been found. There are many questions 
as to whether the detailed views of the parton model are correct for quarks. In 
particular, the question whether a single parton quark moving out in recoil need 
or need not take its non-integral quantum number with it. 

In addition it is often very useful to see, when results have been obtained 


from a model, just how much depends on the model and whether in fact the results 


cannot be stated as a general mathematical principle without recourse to a 
specific model. In that way, if it proves later that too many details of the 
model are faulty, we can still begin again having learned some general properties 
of hadrons without being committed to all the others. 

Therefore it is interesting to note that the parton model is equivalent 
to the general statement (and one much closer to direct experimental results) 


that commutators have 6-like light-cone singularities. 
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Lecture 38 
Light Cone Algebra 
An interesting question answered by Fritzsch and Gell-Mann (1971 Coral 
Gables conference) is how the scaling results of the "partons as quarks" can 
be stated in a way which - at the end - doesn't involve quark wave functions 
or operators at all. 
We wish to state that the light cone singularities are like those for free 


quark (spin 1/2, SU, triplet) commutators. We mean, of course, the largest 


3 
5" or ô type of singularity, as we say the "leading" (in high frequency) 
singularity. First we see what the singularities are like if currents were 
represented by quark fields y(x), a Dirac spinor carrying SU, indices on which 
3 x 3 matrices \ can act. 


The commutator of two spinor fields of mass m is easily worked out (as we 


did for Bose fields) it is 
(v2), HD] = AY, +m) 6,2, D 


(Just as the propagator is g + m) / (p? - n?) instead of Veg - a) so this 
j + m comes likewise into the commutator (the real part of the propagator). 


Since we are looking for the leading singularity near the light cone Ca is 
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s(a?) and the mass term is emaller than the large gradient, thus 
= amat 2 8 
(v2), HD] è LY, sgolt, - t,6 (09,7) (38.1) 


where os is the square interval from 1 to 2 and à means "the leading 
singularities near the light cone are equal." 

It is easily verified that the results we obtain here for the commutators 
of two currents each a bilinear form in v, are exactly the same whether we 
suppose a) the fields obey the usual anticommutation relations at equal times 
v(x) v(x, ) + v(x) Vx) = HEA - x,) and v(x), v(x) anticommute as is 
appropriate to Fermi particles; or we suppose b) the spin 1/2 fields obey 
commutation relations 9(%,)¥(%,) - V(x) ¥(x,) = G, - Z) and yE yG) 
commute as is appropriate to Bose particles. 

This is very interesting because it says the "Bose quark" model which 
is appropriate at low energies is in no fundamental way in contradiction 
to "partons as quarks" at higher energy. We can call this parton model "partons 
as Bose quarks." 


Next a current of SU, type a (described by a8) is 


wa) = vay 9) (38.2) 


where for example for electric current \* is diagonal say A” = diag.(2/3, - 1/3, 
- 1/3). For axial currents change Yi to Yus. 

Now when we commute two currents, we find a simple but tediously complicated 
result (see reference for details). To illustrate the idea, which is all we 
intend to do here, we take the case of two electric currents, and also drop 
several terms which would vanish if we took spin averaged matrix elements, then 


all that survives is 


Y Y a1 2 L aô qô 
[8 JD) "aa 3o (e(tg-ty)8 (87397 TYY? (R (2,1) a Zath (38.3) 
(plus other terms dropped) 
where 
(2,1) = Fw AVD (38.4) 


(2,1 on mutual light cone) and A is diag. (4/9, 1/9, 1/9) = AYAY in our case. 
Now we still see the quark fields in (38.4), but the idea now is to dis- 
regard equation (38.4) and to suggest that equation (38.3) (its generalization 


to arbitrary currents and including omitted terms of course) are generally valid. 
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They give the light cone singularities and define, on the light cone at least 
a set of new operators F (2-1). It is the matrix elements of these operators 
which give us our structure functions. 

No direct implication is made that they can be expressed as (38.4). 
Equation (38.4) as well as (38.1), (38.2) are just scaffolding 
to arrive at (38.3) and are henceforth to be forgotten. In (38.3) no explicit 
quark operators are seen. Instead only some new bilocal operators are defined 
(meaning depending on two points). They are defined only on the light cone by 
the very equations (38.3) 

(This system would be a true "algebra" if the properties of the F could 
now be defined independently. For example, an ideal situation (in fact a 
complete theory of the hadrons) would result if equations giving the commutators 
of such Ñ s could be given in terms of J's and F's themselves. This does not 
seem possible. A little can be done, however. With the form (38.4) the 
commutators of two fig which have their variables on the same light ray 
(e.g. (73,4), “H(1,2)] where 3,4,1,2 all lie on a single generator of a light 
cone) again can be expressed as an F This relation has been also hypothesized, 
but it is not much. It gives predictions for certain two-current inclusive 
reactions like e +p>e+ ae +u + any hadrons. They are, of course, just 
those expected from the parton model in the same conditions. We discuss them 
later.] 

In order to use equation (38.3) we must take the Fourier transform, and 
for that we can use the result (very similar to those we have already derived, 


we leave details to you) if q = (v, 0, 0, v + MẸ) for large v. 


4 iq-x.4/_2 
fe xe 6'(x F(x), Xp» Xo x3) 


rf emer, 0, 0, t) 
t 


that is, it involves only the integral along the ray t = z common to the plane 
t = z(from etv(t-z) ) and the light cone. 

Naturally every result of this theory is also a result of the "parton as 
quark" theory for the latter is a model of the former; but not every parton 
result can be derived from (38.3). It is possible, therefore, that many of 


them are wrong and only (38.3) and not the complete field model may survive. 
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Therefore it is interesting to compare the theories for various types of 
predictions made by the parton as quarks theory. They seem to be of three 


classes. 
A. Scaling, relations among scaling functions, sum rules. 


B. Special arguments about the structure functions derived by arguments 
about hadron collisions and other arguments; like dx/x behavior, 
relation of form factor power 1/q’ to x near 1, structure function 


(1-x)’ ete. 
C. Applications to experiments of Drell type ef + e™ > hadrons or 


+- 
p+p>uu + any hadrons, etc. 
Class A are exactly those derived from light-cone algebra. Class B are not 


obtained from light cone algebra by default. That is, they simply amount to a 
discussion of how the matrix element of (2,1) might behave. It is not a 
specific assumption of the model but an attempt to go further that leads to 
Class B results - a serious attempt to discuss the matrix elements of the light 
cone algebra would lead to results in this class. 

Class C are very interesting, as they seem beyond (38.3) and require some 
extension, even though they appear evident from the parton view. It is therefore 
here, testing these that a real choice can be made as to whether the extensions 
of the parton model beyond the expectations of (38.3) are really sound. 

The reason the current commutator on the light cone is not sufficient for 


reactions like p + p > it + u + X is that we do need matrix elements like 
<pp|JJ|pp> 


but this time as we take the limit as the momentum of the current operator 
increases we are also changing the state pp; the relative momentum of the two 
protons must also increase. This is an awkward limit for a theory of operators. 

It is a very interesting question. Is there some general abstract way 
without quark fields (partons) to describe all these Class C parton predictions 
also? Or are they perhaps wrong, unreliable extensions of the idea? 

And what becomes of the question of how the partons come apart in the 
proton without exhibiting quark quantum numbers among the final states? Does 
current algebra help us to solve it? Perhaps, it seems to be translated into 
"are there any representations possible of the algebra (38.3) which do not imply 
quark quantum numbers among the localized states? It may be more tractable in 


this mathematical form than in physical arguments. 
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Lecture 39 
Properties of Commutators in Momentum Space 

We now come to discuss what general properties a commutator has to have in 
momentum space, such that its Fourier transform will be zero outside the light 
cone of configuration space. 

This is clearly a promising line to follow to supplement physical intuition 
on the properties of Wve At present not a great deal can be said, but for your 
interest in your future research what has been done here may prove fruitful. 

First we can make some obvious remarks. If we multiply a commutator (in 
space-time) by a function G which is 1 inside and zero outside a light cone we 
recover the commutator (except, as is the case, that it is singular right on 
the light cone where our function G is poorly defined). Since the F.T. of G 


is 16rP.V. (1/42)? (P.V. = principal value) we have the convolution theorem 


167 dea 
C(q) = C(u)P.V. Tx % (39.1) 
(q -u ) (27) 


(plus pieces from the light cone).(C(q) is the F.T. of a commutator,) 
+ 
2 
In a similar vein, since the F.T. of 0 0 is lóni sgen(q,)6'(q ) 


-1 
we see that C must have the form 
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c(a) = J K(u) egn(q,-u,)6"((q-u)”) dy z (6nd) (39.2) 
(27) 

plus light cone pieces. Of course we can say also in (39.1) that the C(u) of 

the integrand is any function F(u) at all, and the C that comes out on the left 

will be the F.T. of a function zero outside the light cone. I have not been 

able to make much use of these observations. 

In using the simple views above we must be careful of one point. The 
function we multiplied C(x,t) by, G(x,t), was defined as 1 inside the light cone 
and 0 outside; what is it exactly on the light cone? It is indefinite there, 
ordinarily that is such a small region that it makes no difference in the integral 
over space time of C(x,t) G(x,t) but in fact it makes a great uncertainty because 
C(x,t)has a 6 function singularity just where G(x,t) is poorly defined. We can 
correctly straighten out our formulas for this effect in the following way. We 
call c a) the asymptotic C(q) giving just the light-cone 6 singularities. Than 
c(a) -c (a) has no light cone singularity and so equation (39.1) for example, holds 
if C is replaced by C-C on both sides. One can then simplify or rearrange the 
equation to obtain one like (39.1) but with some additional terms related to 
the light cone behavior. 

A far more subtle and useful observation was made by Dyson. He noticed, 
in many problems we also know C(q) = 0 for certain regions of q space (where 
no intermediate states may be available). For example, for a 0 the 
lowest state available for the final state x is the proton itself, moving with 


momentum Q (space part of a) hence with energy Vier hence 


v>-M+ +Q 


and likewise 


v<+M- +2 . (39.3) 


Dyson has proved that the necessary and sufficient condition for C(q) to 
vanish in region S = 8, (q) na a S, (4) and to have a Fourier transform vanish 


outside the light cone is that C(q) can be written as 


C(q) = Je fe sgala u ) 6C (g-u) 8) @(u,8°) (39.4) 
0 


(Dyson Representation) 


where ¢ vanishes outside a region R, but is otherwise arbitrary. The region R 
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is such that the Per ey hyperboloid does not penetrate region S. 
That it is a sufficient condition is easy to see (the great difficulty 

of the proof is to show it is necessary). We have already seen that the free 
particle commutator Cat) is zero outside the light cone, so the F.T. of 

l-n?) sgna(q,) is zero outside the light cone. But if C (x,t) is multiplied 
by anything, in particular by Pa (or any superposition over u) it is still 
zero outside the light cone, hence F.T. er! (x,t) = egn(q,-u.)6((q-u)?=n"). 
Hence superposing with weight o(u,s2) various cases of u and n = a we get 
(39.4) 


It is easy to see, by drawing hyperbolas that for our case the region R 


of integration where o(u,82) does not vanish is as follows 
u, 
o 


inside two cones 
For s? > f lu,I<lēl i 


2 inside region | 
For s < vd bounded by u 


o 
M -lul = ya + (Mes)? M 


Incidentally, the scattering amplitude that corresponds to this commutator 


(using 37.2) becomes 


2 
T(q) = a fs fe u oo o(q) (39.5) 
5 (q-u) -s +ie (q,-u,) 


where o (from seagulls) is a polynomial in a (for the amplitude T replace 
te(q,-4,) by ic). 

One of the difficulties in using the Dyson representation is that the function 
> is not unique, many can give the same C(q). Another very similar representation 
has been derived (I suspect not as rigorously as Dyson's) by Deser, Gilbert and 
Sudarshan especially for a problem like ours where C is a function only of the 
two invariants a’, v, it is 


o +1 
Cla, v) = aw f ai dB H(0,8)s gn (q +8M) 6(q+8p)"-0) (39.6) 


0 -1 
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This is, of course, just Dyson's representation if the four vector új can be 
assumed to have only a time component, that is, only a component in the Pi 
direction. 

There is again the expectation that H(o,8) is zero outside a more limited 
range if o < w. In fact if o < £ B only runs from -Yo /M to + Vo/M. but we 
leave our expressions intact, just remembering H(o,8) = 0 for lel > VoM in 
this region of o. 

It is clear that if C is zero on the light cone various gradients are 
also, so several possibilities exist with different integral powers of v (from 
zero up to any finite value) with corresponding H functions; but we have taken 


the one appropriate to 2MW Equivalently we can write our form with a new 


1 
definition for o. 


œ +1 
2m (a,v) = av f do | dsh(o,8)sgn (v+MB) 6 (q2+28Mv-0) (39.7) 


0 -l 


In addition, for our case, the asymmetry in time for the comutator becomes 


the property that 
h(o,-8) = -h(0,8) (39.8) 


This representation is very nice, and h is probably uniquely determined 


by W The weakness, however, is that no physical interpretation or expression 


1 
in terms of matrix elements is given for h(o,8). Therefore we cannot use any 
physical intuition in guessing how h should behave (other than using our knowledge 
of how W behaves and working backward). That is to say we cannot at any stage 

say - such a function for h(o,8) is too "crazy" physically - or it ought to 

behave so and so in this region, etc. As we shall see, this is a serious 

weakness in this case. 


We now turn to see how h(o,8) must behave in order to produce a function 


2MWy behaving as we expect (see Lecture 3l)for large v (we take v > 0 throughout). 


Region I 
First of all we have the scaling limit v > œ, 4 > æ, -q2/2Mv = x finite. 


Here 2MW, = f(x) a function of x only. £Eq.(39.7) gives (sgn(v+8M) = 1 for 
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large v, since v > M). 


o +l 
2MW, = a J dB h(o,8)6(-2Mvx + 2Mvß-o)do 
0~-1 


Now if we assume h(o,8) falls away rapidly enough with o only finite o are 
involved here, so as v +œ the o can be dropped in the 6 function and we have 


h(o,x)do a function of x as required 


C 


f(x) = f reos (39.9) 
0 

I believe it was this argument with the Dyson representation which either 
led Bjorken to his scaling hypothesis, or helped to confirm his suspicions of 
its truth. 

2 > 0 scaling 

We have here a bonus. We can now determine how the function 2 (a,v) 
should go in the positive a scaling region. Letting v + %, ae > œ such that 
+q2/2Mv = x' is finite we have 2MW, = fr. -x')do which again scales; but 
even more, from the symmetry of h it weuleg to the same function £°?(x') 


aM, = -£P (x") q? > 0 


How can we see this remarkable result from the parton model? Can we 
equally well derive the function for ar > 0 by using physical arguments? We 
will explain qualitatively how it comes about. 

For positive i we must be concerned in the commutator (36.1) with the 


subtracted vacuum piece. In the vacuum we can make pairs, and at high a just 


= 


We are concerned with how this pair production probability is modified by the 


= 


D 


At first one might think the modification must come through interaction of 


a pair of partons 


presence of a proton 
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the newly made partons with those in the proton - in interaction about which 


we know little except that it is finite and is not involved in our derivation of 


f(x) for negative ars But at high energy a more important effect is the 
exclusion principle - partons cannot be made if they are already present in 

the proton (if Fermi statistics is assumed). Thus in our diagram the proba- 
bility to produce a u to the left and u to the right at x' is 4/9 units (for 

the charge is 2/3). However, it is altered at those x by the chance, u(x), that 
a u parton is present in the proton. Thus we have a contribution proportional 
to (4/9u(x'); if the u parton is moving forward it is (4/9)u(x'). If a d par- 
ton pair is produced the probability is 1/9, modified by the chance of finding 

a d parton already in the proton, the contribution is (1/9)d(x'), etc.) Thus 
the entire contribution is 4/9[u(x')+u(x')]+ 1/9[d(x")+d(x"')] + 1/9[s(x')+s(x')] 
eP ex 


or f ') as required. 


Bose or Fermi quarks 

In making the analysis for a positive we assumed the quarks obeyed Fermi 
statistics. If Bose statistics are used in the formal expression of the com- 
pleted sum over states (36.1) we have some changes. First there is a change in 
sign of the Fermi exclusion effect turning into a Bose tendency to increase 
emission because a particle is already present. Then there is another change in 
sign in the closed-loop diagram <0|JJ|0> when changing from Fermi to Bose 
statistics [see, for example, R.P. Feynman, Phys. Rev. 76 756 (1949)]. 

On the other hand with the Bose statistics sign the imaginary part of 
<0|JJ'0> is negative and it cannot be written as a sum of positive probabilities 
2|<o|3|x>|”, but is minus that sum. This circumstance is the basis of the 
cal proofs of the relation of spin and statistics; spin one-half particles 
cannot be consistently interpreted as Bose particles. The most straightforward 
interpretation of Bose quarks would mean the "Drell Constant" defined for the 
ce + any hadrons cross section would have the impossible value -2/3. Of 
course a completely naive interpretation of quarks as Bose particles would also 
lead to the wrong result that the wave function would be symmetrical under 
the interchange of two protons. If quarks obey para-statistics both of these 


problems would be removed. 
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Region II 

We continue our discussion of equation (39.7) now turning to the region 
vr o a finite. Here we expect 2M. to go as v times a function of Fi 
which we have written as 2M = 2Mv g(-92)/(-92). In this region our equation 


(39.7) reads 


>o + 


2M, = al p dB h(o ,8) 6 (q2+2MvB-c) 


0 -l 


at first sight, for v + œ, we could forget aa in the 6 and obtain 2MW = 


a 
Jnco,or4o, a constant independent of a and evidently incorrect. However, 


0 
the "constant" would, by (39.9) be f(o) which we know is infinite, as for small x, 


f(x) a/x. This suggests that we assume for small ß that h(o,8) is singular. 


h(o,8) = k(o)/8 (39 .10) 


for small 8. Substituting in the integral above gives 


œ 


7 k(o) 
2M, aw f — a do 
o-q 


0 


Thus 
2 © 
Wp) of Hh 
-q o C74 
gives the ear dependence of the total virtual photon cross section. The limit of 


g(-q2) as a gets large | k(a)do. 
0 


Lecture 40 
Region III 
2 2 2 
Finally we turn to region III: v +œ, large -q but Me = 2Mv - (-q") 
kept finite. There we expect 2MW = (47) Th, -M 2M where h is a function 
of Mow only. The qt is typified by the elastic scattering Mea? = 0) 
and y is perhaps 4 or 5. For x near 1, f(x) A a(l-x)”7} and for large Moa, 


nM, i) goes as XC one 
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In this region our equation (39.7) reads 
æ +1 

2MW, = af si dg 5 (M -042My (8-1) -0)h (0,8) (40.1) 
0 -1 


Again a "natural" guess (neglect M -M-o relative to 2Mv (8-1) in the 6 function) 


leads to the wrong answer: 2MW, "i do h(o,1), a constant independent of 
0 


Mae, But again we can fix it up by a more complicated guess for the behavior 


of h(o,8) near B = 1. Because, from conf do h(o,x) is zero as x + 1 (like 
0 


A(Q-x) 74), Therefore one way to get the answer would be to assume that h(a,8) 
goes to zero near 8 = 1. For example suppose 


h(o,B) = D(a) (1-8)¥72 abti 


œ 
ren | D(o)do = A. (If we assume y depends on o we can be more general and 
get cere the same final result except with some slow logarithmic dependences, 
which might in fact be there in this region. This is not known very well 
experimentally). Substituting into (40.1) and integrating (the 6 function says 


1-8 = (M -M -0)/2Mv) we get 


M -Me 
x 

2m) = (amv) Y+? f M-40)! p(o) do (40 .2) 
0 


hence of the correct form if (call Mae = i) 
À 


h(a) -J Q7] p(o)au (40.3) 


0 
This appears at first satisfactory; h will have the right asymptotic behavior 


ar’ for large A if D(o) falls off fast enough with o, and J D(a)do = A. 
0 


However, we will again be fooled in our qualitative expectations for h(A) from 
this equation if we suppose that D(a) is a simple function. The operation of 
integration in (40.3) is a very powerful smoothing operation; for no simple 
D(o) would we be lead to guess what we know is true - that h(A) shows a series 


of peaks and valleys for small \, the resonance peaks. It is not that (40.3) 


190 Photon-Hadron Interactions 


says resonance peaks are impossible - it is that (40.3) plus a guess that D(o) 
is not too complicated (i.e. does not vary in a rapid and peculiar way) fails 


to do so. To see this take the case y = 4 and note that (40.3) can be solved as 


1 a4 
Dad =z Sp aa) (40.4) 
dà 


The fourth derivative of a resonance oscillates in a very special manner. (For 
a much more intelligent way to deal with the resonance region see Cornwall, 
Corrigan and Norton, Phys. Rev. D3 536, (1971) and the next section.) 

To summarize this investigation, the Deser, Gilbert, Sudarshan representation 
is useful as a formal tool to get dispersion relations, etc. It is, as of course 
it ought to be, capable of representing what we know of the experimental data 
with some function h(o,8). But it is disappointing in that its predictive 
utility - by guessing "reasonable" behavior for h(c,8) - is not very great first 
because we have no physical picture of what the function is, and second it seems 
like a function that behaves in a way as complicated as (if not more complicated 
than) the data itself. 

It seems that h(c,8) is not, in fact, a function that has much direct 
physical significance and is purely an artificial expression in a certain 
mathematical form of the fact that the commutator vanishes outside the light 
cone. 

It might pay to try to find another representation of this fact in which 


the kernel functions may have some direct physical representation. 


Scattering in the Deser, Gilbert, Sudarshan representation 


Given the commutator in any form we can find the scattering amplitude 
Tea, v) corresponding to it by using the dispersion relation (37.2). It is 
easy to see by direct substitution of (39.7) that the scattering which has 
the right spin dependence (i.e. bog a-a, part) to correspond to 2MW, (call it 


2MT,) is 
© +1 
-1 
2MT, = | a dB h(o,B) (q2+2Mv-otie sgn(vtM8)) ` + seagulls (40.5) 
1 


0 
o + 


1 
2M) = m| wf 48 h(o,B) sgn (v+4B) 6 (q2+2Mv-o) (40.6) 
0 “1 
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This is the causal amplitude convention, in the Feynman convention the 
ie sgn(vtM6) is replaced simply by ic. The "seagulls" are a polynomial in eae 
This can be readily verified (simply notice that agn(v+4B) 6 (q7+2MvB-o) = sgn(vtMB) 
avtms)?-E7) = (6 (v+MB~E)~6 (v+MB+E))/2E where we have written E = +(o+M Petty 1/3), 
Note 1: Because we are expressing T as an integral with a v factor times the 
integral we have really been working with W/v and T/v; but there is a pole in 


v (Wy +0 as v 70 but T does not). To avoid this use in our dispersion relation 


Wily to get (1, (@7,v)-2, (47 ,0))/v. 


Note 2: It is evident from (40.5) and (40.6) that although derived from the 


dispersion relation in v for fixed Q (space part of q) they also satisfy a 
dispersion relation in v for fixed a” (for a < 0) (a once subtracted dispersion 


relation) 


2 
T (a,v) = 1,(q7,0) = = [o ACESA (406a) 
2 ki (v!?-(vtte)*) 


(Assuming no seagulls beyond a constant term absorbed in T,(q7,0). This can be 
seen by direct substitution of (40.6) into (40.6a), remembering that Wea, ~v’) = 


Wlaw’), i.e. that h(o,8) =-h(o,-8). 


Consider 
' 
Ja 5 (q7+2MBy'-o) sgn (v'+M8) = SE : 
v'-(vtie) q ~o+2MButiesgnB 


everything is clear except the iesgn8 should be iesgn(v+M8). Let us choose to 
work with v > 0 (T is symmetric inv). Then for Pe < 0 there is no pole in 
(q2+2MBv-o+ie) if B is negative, the sign of ie is arbitrary; we may replace 
sgnß by sgn(vtM8). If B > 0, sgnB = + = sgn(vtM8) so it is still correct. 


(For v negative the sign reverses.) Hence we have 


w 


2 
' W (q yy) 
(T (a,v) - T, (4°,0)/v = Jaa i 
v'-(vtie) v! 


-m 
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Wy/v' is symmetric so we can set the range from 0 to œ with 1/(v'-(vtie)) + 


li-v'-(vtie)) = -2v/ (-v'2+(vtte)”). From this equation (40.6a) follows. 


For Wo which converges faster we expect a corresponding unsubtracted 


dispersion relation 


2 t 
T, (q v) = Er ne —10 JŽ = W(a7,v") for ae <0. 
(v') 4 (yet )? 
0 

For a = 0 these are of course the Kronig-Kramers formulas relating real and 
imaginary parts of the index of refraction (forward light scattering) which 
is necessary if signals are not to come out before they go into a block of 
scattering material. 

We try now once again (unsuccessfully as it will turn out) to try to 


obtain some expected limitations on 2MW because we know it is a causal (zero 


outside the light cone in space) commutator. This time we shall use behavior 
valid not only for large v but for any region. For example we know for the 
elastic scattering if the proton were a point charge we would have for v > 0, 
2MW = 2Mvô ((p+q) 2-1) = 2Mvé (q2+2Mv) « (To get the correct symmetry for v 


positive and negative this can be written more correctly as 2MW) = 2 Mv(sgn(v+M) 


&(q2+2Mv) - sgn(v-M) 6(q7-2M\)). This is obviously causal - as we have seen - 


for it comes from perturbation theory of fields. 

Now in the real world this is multiplied by a factor (the square of the 
elastic form factor), a function of aż, say Ela?) which falls off gradually, 
for negative an. from a = 0, to behave as (-q2)77 for large cae. One would 
expect such modulation of the function expected for point-like particles to 
represent some kind of smearing of the point and to perhaps imply a lack of 
causality - a lack which must be balanced by correct contributions from terms 
off the elastic mass shell (corresponding to other resonances, etc). Thus, can 
we not make some requirements of behavior in other regions, especially non- 
elastic regions by our knowledge of f(a?) for negative a? Unfortunately not 
(as Cornwall, Corrigan and Norton, (Phys. Rev. D3 537 (1971)) show) it is 
possible to stay on the elastic mass shell for negative a and only alter the 


behavior for positive ae and still arrange virtually any Ela?) which falls off 
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fairly rey: In particular if Ela?) can be written in the form 


EA fe AA (40.7) 


for negative a7 it can be done. We can see why this is, and also get a 
better physical feel for constructing causal functions by the following con- 
siderations. It is easiest to deal with the scattering functions T, for these 
to be causal they must be the Fourier transform of a retarded commutator and 
thus zero outside a forward light cone. Let a(x,t) be such a function and A(q) 
its F.T. and let b(x,t) be another such function,B(q) its F.T. Thus the con- 
volution of a(x,t) and b(x,t) is obviously, by geometry, such a function (zero 
outside forward light cone) and hence its F.T. or simply A(q)B(q) is again 
satisfactory (a causal scattering function). 

We see that combinations by multiplication (and addition of causal scattering 
functions are causal scattering functions. The simplest causal scattering 
function is 


la? - a + ie sgn a, (40.8) 


We can generalize this (multiply by eu in space time) to find for any four- 


vector u that 


[ (qtu) 2m” + fe sen(q,tu,)]~" (40.9) 


is a causal function. Thus the elastic scattering function for point particles 
[atp -t + te sga( +m)? (40.10) 
evidently is causal (as well as what you get by putting -q for q). We can 
multiply this by an expression like (40.8), we see 
fqn ede sgn ay [(qtp) 2-7 + ie sgn(vtm) ] > 
is causal. This is true for any a = ų and hence any superposition with weight 
p(u)dp is, so a scattering amplitude like (note (q+p) -at = 742M) 


T 
aL 3 p(u)dy ee (40.11) 
-yt ie sgnv q +2Mv+ ie sgn(vtM) 


is, by itself causal, To get the correct symmetry for v one need only add the 
corresponding expression with v replaced by -v; we will suppose it is always 


done and not write it explicitly. 
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(You might find it physically more satisfactory and easier to interpret 
if the factor is considered as a form factor due to virtual particles like p's 


at each vertex. Those at one vertex would contribute a factor 


w 


a(q’) = | e (40.12) 
q =u+ ie sgnv 
0 


where u is the mass squared of the virtual particle and w measures the weight 
of its contribution; g is causal. We would then expect to multiply (40.10) by 
Gta): one factor for each coupling; the result would still be causal, 

and possibly physically easier to understand.) 


To get Wi/v (commutator) from (40.11) we need only take its imaginary part 


st 1 2 
— =| PV F p(u)du m sgn(v+M)ô(q -2Mv) + 
v q -u 

0 

2 1 
+| negnvé(q -u)p(u)du PV 7 (40.13) 
q +2Mv 
0 


In the region a” < 0 the last term disappears and we are just left with 
the elastic point charge scattering multiplied by a factor Ela) given by (40.7). 
It is disappointing that the restrictions of causality do not affect our 


region of experimental observation tan < 0). Furthermore, it will be hard in 


practice to get p(y) exactly from knowledge of the integral (a = 9”) 


EÈ) -f piu) du (40.14) 


even if fairly exact. It is not easy to reverse the integral into accurate 
knowledge of p(m) unless physical arguments (P dominance etc.) are available. 
Thus again we are thrown back in this problem to understand the process 
physically; the mathematical properties do not help as much as we had hoped. 
(We know that if EC) falls faster than 1/9”, say as a/g) t; then we 
1 


can conclude, by (40.14), HREJ p(u)du = 0. Such a relation is called a 
0 


superconvergence relation -£(9”) converges for large o more rapidly than 
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the form would suggest. Again since f falls as a/g)“ we can conclude that 
œ 


the sonence f uo (u) du vanish for n = 0, 1, 2. Alternatively, f can be 


expressed as (g(q2))? with gta") -fw ta-u) Lau and fy(u)au = 0.) 


Lecture 41 

The idea discussed at the end of the previous lecture is immediately 
generalizable to scattering through an intermediate resonance, say of mass MS, 
call Mae = à. A point coupling would give scattering as (q2+2Mv -À + ie sgn(v+M)). 
We can multiply by any form factor, say with a p(A,u). We are thus representing 
things by a sum of s channel resonances each of which has a square forr factor 

FO) = Jeger as (41.1) 

4 “Hu 


The total scattering from all this (s channel resonance representation) 


would then be 


T f ie pw) dàdų R 
== ra 
X 0 q-ue sgnv q +2Mv-Atie sgn(v+M) 


+ same term (v > -v) + seagulls (41.2) 
The W which goes with this (the imaginary part of T,/v) is 
a de PV "5 [agn (v+M) 6 (q242Mv-A) -sgn (v-M) 6(q2-2Mv-a) ] + 
v Z 
0 
frav P(Asu)ó(q-u2) PV = - on (41.3) 
q +2Mv-A q -2Mv-) 
For q < 0 the Qas? term vanishes and we have for v > 0 simply 
2) ta? 2 ? (41.4) 
Wily = n| £(\,-q )5(q +2Mv-A)dA = £(q +2Mv, -q ) ° 


0 
a superposition of contributions for each effective mass with a form factor 


f(A, a of form given in (41.1). 


Have we not gone in a complete circle? Our original expression giving 
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(except for photon polarization factors) W was of the form 


> klw? 8 ((qtp) 4.) (for q” > 0, v > 0) 


This looks just like (41.4). The 6 is of course ô (q7+2Mv-)) so we interpret 
f(A, “ary as > kels@lel? summed over states of a given masg? = M+ . 
(At first this would seem to make a function of ê, the space part of the 
momentum transfer squared, instead of a = ue 2; but it is the same because 
the ô function relates v to o and it can be expressed either way.) We see 
fA, a) must be positive for -q4 > 0; of course, since the lowest elastic 
Me =M (à = 0) is separated from the continuum at Me = Mtn Oih = 2m ta 7), 
The function f(A, 4) and hence e(\,u) will have a 6(A) contribution and after 
that the integral in (41.3) will start at an inelastic threshold deh to œ, 

We may not have gone in a complete circle. First we now know (a) that the 
weight factor f( -q?) must be expressible in the form (41.1) and (b) we know 


what the function looks like in the experimentally unavailable region Po > 0 


(see 41.3) and, of course, the scattering function (41.2) that goes with it. 


But do we know this? 

We only proved that the form (41.2) was causal; we have not proven that 
every causal function must be expressible as (41.2) and at the moment we do 
not think we can. 

Since (41.2) is causal it must be expressible in the DGS form (39.6). One 


way to do this (suggested by Cornwall, Corrigan and Norton, Phys. Rev. D3 536 (1971)) 


is to combine denominators (it is easier to use the Feynman amplitudes replacing 


ie sgn(..) by ie) via 


1 
dg pa 1 
2 
[q?+2MvB- AB-u(1-8)] aon qe+2Mv-) 
0 


to get a single denominator. Thus we call o =\8+y(1-8) and integrate on o by 


parts to prove 


h(o,8) -| [some osmc-n aoa (41.5) 
070 


Of course this can now be simplified. If from h(o,8) we could always find a 
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o(A,u) which would give this h we would have a proof (assuming the DGS repre- 
sentation is proved) that (41.2) is also a necessary form. We suspect it 
cannot be done and it is possible that (41.2), although very physical, is not 
the complete expression; but other forms (other types of diagrams - or "channels" 
other than s channels) might have to be added to it to get a complete repre- 
sentation. This is a good problen. 

W for all qe in terms of W for ae < 0? 

We have a form that suggests the question as to whether knowledge of the 
fact that W is causal, and knowledge of its value for negative a only, enables 
us to find it for all ar: v. We are not now concerned with the practical fact 
that knowledge of f(A, oa") to a given limited experimental accuracy does not 
permit discovering p(A,u) very well and does not mathematically alone define 


f(A, we for a > 0. Rather we suppose W, perfectly known for a < 0 and ask 


1 
to what extent T is defined everywhere. 

This has great interest for there are quantities, such as electromagnetic 
self energies, which can be defined in terms of T as integrals perhaps (e.g. 
J reqya4qiq?). If T were uniquely determined by W in the experimentally 
accessible region we might search for expressions for these integrals directly 
in terms of this W at a < 0. (Cottingham formula for self-energy.) 

Given Wla, v) in the available region (momentum like a’) how unique is 
w(q7,v) in the energy-like region? Let w (a,v) and w (a) be two causal 


functions identical in the qe < 0 region. Let us study what is possible for 


their difference Wa = Wa - Woe ACSI) = 0 for a” < 0 and hence is causal. 


What form must it have? We see immediately it need not be zero because 
sgnvô (q2-n?) is such a function. To get the most general form we use Dyson's 


theorem which says (since it is causal) that it must be expressible in the form 
4 2 2 
Wi - fe vfs sen(q,-u,)6((q-u)“-s )@(u,s”) (41.6) 
0 


where ¢is non-zero inside the region where the hyperboloid (q-u) 7s" does not 


penetrate the region S of q space where we know Wa vanishes. Thus S is the 
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entire ae < 0 region. It is seen that every hyperboloid cuts S unless u = 0. 


Thus the most general form for Wa is 


Wa = fe Re = agnvetae) (41.7) 
0 
where by definition $(x) = 0 for x< 0. 
Thus complete knowledge of w (a,v) in the experimentally available 


a < 0 region permits definition of W, everywhere within an arbitrary constant, 


1 
(independent of v) function of ae for positive ar T is determined also up 


to the function. 


2,,2 
fogs (41.8) 
q -s tle sgnv 


Strictly this argument is not valid, gradients of 6 functions in space time 
could be used in Dyson's theorem. More correctly, at each positive a the 
function W is determined by the behavior of w(q7,v) for a < 0 up to an unknown 
polynomial in v, the coefficients of which are arbitrary functions of a”. 
Physical arguments about large v asymptotic behavior would have to be used to 
limit the degree of these polynomials. The scaling limit for x< 0 and the 
fact that W is odd tells us that (41.7) must be of the form ve (q2) (for v > 0) 
and that Ti is determined up to a function of a given by (41.8). Note this 
function is not zero for 4" < 0 so T is not completely determined for ar < 0 


by W. This agrees with the dispersion result (40.6a) where a subtraction had 


to be made and an arbitrary function (1, (q”,0)) left undetermined. 
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Lecture 42 

Electromagnetic Self Energy 

We now discuss a few places where knowledge of T would help us calculate the 
electrodynamic properties of protons and neutrons. Since we have measured, in W, 
the electromagnetic coupling of protons we might hope to use the experimental 
knowledge to determine the electromagnetic energy of proton and neutron and 
their measured difference, to compare to experiment. As we shall see the hope 
is, at present, frustrated because knowledge of W for ae < 0 where it is avail- 
able is not quite enough to determine the electromagnetic coupling everywhere 
(T) - the arbitrary function of $(s) mentioned in the previous lecture is not 
determined. Since the answer for the p-n mass difference is only one number we 
are frustrated until we can find a theoretical or experimental way to determine 
T uniquely - for example to determine T} (42,0) of the dispersion relation (40.6a) 
for a < 0. 

Before we discuss this by formal mathematics let us see what we can expect. 
As is well known, the self mass of a paine apr 1/2 particle diverges logarith- 

2 3e A 


mically. For the electron Now) -2 = gn =z where A is some upper cut off 


m 
for electrodynamics if we replace the photon propagator 
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This am” is experimentally undefinable. A similar infinity for the om? electro- 
Magnetic for the proton would also - by itself not be observable, but 
2 


2 
(AM ) proton - (AM l eutron = -1.2934 MeV 


is, in fact, observable and is measured to 5 significant figures. Can we 
calculate it - or even see what order of magnitude it is? - for example does 


our present theory say it must be infinite? 


As long as the electromagnetic interaction of the nucleons were mysterious 
one could always say anything could happen - but now that we have some knowledge 
of them we must answer more specifically. 

The divergence occurs from high frequencies and at first it was thought the 
hadrons might be soft at high frequency and the electromagnetic self energy con- 
vergent. But now we know for inelastic scattering at least they look like they 
are made of point-like constituents. Does this point-like behavior mean the 
energy must diverge? Of course, the proton could diverge and the neutron also- 
only the difference need converge - but the difference in point-like structure is 
Wip™in is also finite and point-like in the scaling limit. It is the coincidence 
of the ô-function of the photon prepagator and of the electron propagator which 
makes the divergent self energy - and now we see the proton, the neutron, and 
proton minus neutron all have singular behavior on the light cone so it at 
first looks like divergence is inevitable. 

Let us estimate how much. Since we are discussing the high energy behavior 
we can use the idea that proton=partons. Clearly the self energy diagram of 
most importance at high energy in the scaling limit are when a photon is emitted 
and absorbed by the same parton - therefore, as far as the divergent (&n A?) 
part is concerned it is as if each parton gets a shift in mass proportional to 

2 2 2 


S a i 1 


much does this change the mass of the proton? We cannot honestly say. One 


tnd” /n, where ejs m are the charge and mass of a parton. How 


might try to calculate the change in E - P = M? /2P by calculating the sum of 
2 2 


7PX of each parton. We would find 


an? a e 2 
= > Sa |> €°P (x) ona“dx 
nucleon partons x x 


the changes in e-p = 


UM?) 


There are objections to this (by the way it is also even more divergent 


since ea 1/x and the x integral cannot be carried to 0). The energy is not 
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just the sum of the kinetic energies of 


the partons are also involved, This is 
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the partons, interaction energies among 


reflected in the dangerous formula con- 


taining the mass squared of a parton - a thing we said was meaningless to 


tô up to now. 


the total = change is not correctly evaluated. 


The distribution of partons is changed in first order also so 


(It might be thought we are 


right to take < yl av| p> for the perturbation on the Hamiltonian using the old 


wave function - but AV = Am ara is not the change in the Hamiltonian, only 


of the Lagrangian - in the Hamiltonian there are many other effects on the 


interaction terms through 1/V2w factors 
of the perturbation correctly.) 

It may well be that n? = 0, or is 
due to Zachariasen) due to interactions 
logarithmically divergent perturbations 
We must 


may be so, but we do not know. 


analyses if we are to try to study this 


etc., so we have not computed the effect 


effectively zero (a suggestion to me 
(or as a matter of principle) so the 
di depending on ann? never arise, This 


turn to more detailed quantitative 


further. 


Electromagnetic mass shifts come from the emission and reabsorption of 


a virtual photon. 


QED tell us it ts f<pl{s (23, (1) )q/P>4, 


of the photon. Hence by taking Fourier 


F 2 
T (q v) 
wt? fart q 2 tHe oa 


We have written 


A ~ Pea 
Tiy e, 2 


so that 


Tyu a (4+ ev /q)T 9-1, 1/4) 


(s? at where 6,067, ,) is the propagator 


transform 


(42.1) 


(42.2) 


The expression in square brackets has the imaginary part a~? /q Piw, wy which 


is the contribution from longitudinal photons. 


If partons are spin 1/2 it 


falls faster with v than does Ti whose imaginary part Wi simply scales to f(x) 


in the Bjorken limit. 


We will hereafter just write T for T tla? lar T- 


T,1/4 
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and suppose the imaginary part W = W. ytli-v h? JW,- W, ]/4 scales to f(x) in the 


Bjorken limit. 


Lecture 43 


Cottingham formula 


As we have seen we can write for the electromagnetic mass effect 


ce ch 
wt 1a [HCD sq? vi (43.1) 
av? gre” 

Te q 


where 4T = Tis . We must integrate this over all a but we have seen T is 
determined by its behavior for ¢ < 0 (where experiment can say something 

about it) so it is possible that maybe (43.1) can be written in terms of T for 
a < 0 only. How this can in fact be done was shown by Cottingham. He showed 
that in the four-dimensional integral the contour on v could be changed (without 
passing any singularities) from the real line v = — to œ to the imaginary 

axis v = iw, w = —æ to æ». (We show how it is done later.) Suppose it is true. 


We can then write dta = dw2 QdQ? n is = wage = wg? 


2 
EN J awd? peuti), tu) 
8a w +Q 
Now replace -(w24Q”) by C4), (0 N(-42)-w to get 
ee af aq) J Nia?) -u" T(q2 ,4w) dw (43.2) 
0 


(Cottingham formula) 


Now the quantity is all right for Mae but is completely unphysical for v is 
imaginary. We can define it however by analytic continuation by our dispersion 


relation (40.6a), setting v = iw 


2 F a2 
Tq, iw) = T(q7,0) - =| sv) 7 w(q?,v") (43.3) 
0 


Hence oe 
œ 
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We can carry out the integrals on w to get 


2 2 2 
Be ala) (E (92 y7(-97,0) - t = al 2 2 
8r71 [ee 7 6-9 IT(-a" 0) sf ee +1 1-5 ines »v')dv! 
0 


0 (43.5) 


This then succeeds in getting an explicit formula for the self energy in 
terms of Wea, v) in a region accessible to experiment. However, we are frustrated 
by the unknown term 1(q7,0) . 

It is essential to know something about 1(q”,0) if we are to be able even 
to determine whether the self energy diverges. Let us look first at the contri- 
bution from the second term in (43.5) in the scaling region from which divergences 
could come. Put aan = 2Mvx and consider W as a function of x and v, W(x,v) which 


for large v converges to the limit f(x). The term becomes 
dx ze 1 1 /2Mx 
f x vdv N=- l -1 - 7 24] W(x,v) 
0 


or for large V, where the square bracket is =(2Mx/v)2/4 we get 


© l 
fees xf(x)dx . 
0 


1 
The v integral diverges logarithmically with coefficient Jans the fraction 
0 


of momentum carried by the charged partons each weighed by the charge squared. 


Of course a cut-off of electromagnetism is used in (43.5), alaq?) /(-4”) is 
2 


d(-q”) A 

replaced by Sp za 
-q K -q 

This provides a cut-off for our v integral (of order f /2Mx) so the part 


diverging as fn a? has a coefficient fxf(x)ax. 


However, the other term in 1(q7,0) could also produce a fn A? term if it 
only falls as c/(-92) as a +o, (If 1(q7,0) [rowr this C is | ¢(s)ds.) 
It is therefore possible that these divergences from T and W cancel and that the 
self energy (or at least the proton-neutron difference) is finite and calculable. 
There are two views we could take at present. We know of course the p-n 
mass difference converges so let us talk about T and W for the p-n difference at 


least. In principle T could be determined by experiment and is therefore defined 
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physically, either of the following could happen. 
(a) Equation (43.5) with this T still gives a logarithmic divergence. 
The reason is that our theories are wrong for high energy; this and the 
electromagnetic self energy calculation of QED are both wrong and will 


both be fixed by the same modification of relativistic quantum mechanics 


at high energy some day to be found. 

(b) The T is such that the integrals converge and agree with the experi- 
mental mass differences. 

(c) The T(q7,0) (for a < 0) is in fact not precisely definable experimentally, 
that it is to some extent arbitrary - hence that our theory is not able 
to calculate this mass difference precisely and must be "renormalized." 
I believe in this case, if partons are quarks only one renormalization 
constant, corresponding to the electromagnetic mass difference of u 
and d quarks, would suffice to make all the hadron self energy differences 


converge simultaneously. 


As Zachariasen has suggested to me, the best (most limiting) thing to 
do today is to assume (b) is true. This puts restrictions on possible theories 
and may have predictive value. If it leads to a paradox or inconsistency we 
learn that (a) must be so. Zachariasen has shown that all will be convergent 
if the equal time commutator of J and J vanishes (J, i] = 0. In the quark 
model it corresponds to quarks having zero rest mass. 

I believe this is a very good problem to work on. I myself haven't found 
enough time while preparing these notes to analyze it in a more elementary or 
clear fashion for you. 

How can we ever hope to get at T(q2,0) experimentally or theoretically? 
It is the forward scattering amplitude on a proton of a virtual photon of 
mass a; It would be involved in a two-electron forward scattering ete+p > 


ete+p via the diagram 


P 


2 
This is not an experiment that can be done. But knowledge of T(q ,v) anywhere 
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would be of assistance because the dispersion relations can be used to convert 
it to knowledge of T(q7,0) ; still no experiment suggests itself. 

It is interesting that T(0,0) can be obtained theoretically - the forward 
Compton scattering from a proton offa real (on shell) photon. For Q+0, v+0 
we have very long wave length slow fields to which, of course, the proton looks 


to be simply a massive point charge of mass M. It scatters then as it would 


2 
classically (or non-relativistically via Schrödinger equation from the F AA 


term) thus (called Rayleigh scattering) it gives 


e 
T(0,0) —— Yr 
NOTE: How to rotate contour to get Cottingham formula; 


Use DGS representation for TF 


Te a H(0,8) 


0 +1e v792+2MvB-otie 


Call E = V ott B+ and note the singularities are at v = Q-ie, -Qtie 


v+BM = E -ie , -Etie 
-E -8M Q 


e 
QE -6M 
Since E > BM, the poles below the axis are all for v > 0. The contour goes like 


the dotted line, it can evidently be rotated to the imaginary axis. 


Lecture 44 
Expression for self energy in terms of W only 
We didn't succeed in representing am? in terms of w(q2,0) for negative 
ae only, without at the same time involving ourselves with another unknown 
function 1(q7,0); and further each of two parts is infinite and it is hard to 
guess at the difference. Perhaps we should abandon this and take a last look 


at just the an? expressed in terms of Wla, v) for positive and negative aa: It 


is given by 
2 œ% œ% 
M 
aw? = = TT W(v,Q)dQdv (44.1) 
07-0 
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(This is obtained by expressing ral in the form 
' ' 
p vev '+Le viv'-ie | 20 
and inserting into (42.1). w(v,Q) depends only on Q, the magnitude of a and 


we have 439 = 4nQ74Q) . 


To study the possible divergence of the integral at least, we go to large 
v and in fact to the scaling region -q2 /2Mv = x, hence Q = v+Mx. We can write 


(consider 2MW a function of x and v, 2MW(x,v)) 


E 
M= s |S dx 2MW(v,x) H (44.2) 
2r 2v+Mx 
0 -v/M 


For large v the upper limit for x is kinematically 1. 2MW approaches the 
function f(x) for positive x in the scaling limit. For negative x (positive a’) 
it approaches as we have seen -f(-x); note, however,that -x is not kinematically 


limited to 1. 


Dynamically -x is limited, W(x,v) exists for x<-l but for large v falls 
rapidly until there is nothing left of order one. 


+1 
The contribution of the scaling region gives Í av f f(x)dx = 0. 


-1 
But thisonly says that a divergence higher than logarithmic vanishes, a thing 


we expect anyway. Expanding the factor (v+Mx)/(2v+Mx) seems to give a term 
Mx/2v leading to frt avivar; this is not all, we shall have to know to 
order 1/v how W differs from its Bjorken limit for both positive and negative a 
This sums up the problem; experiment can in principle help us with the 
approach to the limit for qe negative. But we shall have to rely on theory to 
obtain the contributions to order 1/v for positive i before we can decide 


whether an diverges according to present theories. 


Other electromagnetic energies, Quark model 


Having failed with fundamental theory to get information on electromagnetic 
mass differences, we now turn to much cruder pictures to discuss the possible 


relations of at in different terms of an SU, or SU, multiplet. We do it in 


the language of the quark model although many of the results come from weaker 


assumptions, like simple SU, etc. 


3 


The proton, for example, in the low energy quark model is made of three 
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quarks, two u quarks and a d quark with total spin 1/2 with wave function 


1 
|p> =—= (2 uud - udu - duu) (+++) symmetrized . (44.3) 


The electromagnetic self energy can be thought of as being made of two 


parts: 
a) The self energy of the individual quarks. We suppose this is proportional 


to the change squared of each, thus 4a : a: a for u: d: s respectively. To a 
proton this contributes an” /2M, = 9a (we shall normalize all mass squared changes 
to 2M_ of the proton as a scale for measuring a, the true change in M is then 


24,2.) 

b) An interaction energy between pairs which we take as proportional 
to the product of charges. The interaction must depend on the mutual spin 
relation of the pair. Thus write B(l+y) if spin is parallel and B(l-y) if 
spin is antiparallel; this is B(l+yP) where P is the spin exchange operator. 
We multiply by -2 for ud or us, +4 for uu and +1 for dd, ds, sd, ss pairs, 
call this factor x,,. 


ij 


The electromagnetic self mass operator can therefore be written 


am? =2 w {4a(No. of u's) + a(No. of d's) + a(No. of s's) + 


oD 


It is easy to get the expectation of this operator for every state. Thus 


x, , B(1+yP) } (44.4) 
ij 

pairs 

on the proton the operator 8x alone does not see the spins and gives (2(4-2-2)uud - 


(4-2-2)udu - (4-2-2)duu)tt+/v⁄6 which is zero. For the neutron, change a u to d, 


the coefficient is -3 so there is a contribution - 38. Next we study ByxP 


xP(uudtt+) = (4uud - 2udu - 2duu) +++ 
xP (udutt+) = (-2duu - 2uud + 4udu)tt+ 
xP (duutt+) = (-2udu + 4duu - 2udu)tt+ 
therefore 
xP(2uud - udu ~- duu)+t+/v¥6 = 
=((8+2)uud + (-4-442)udu + (-4+2-4)duu) tt+/76 
and 
<p|xP|p> = (20 + 6 + 6) =6 
Adding up the various contributions we have for the proton 


an? /24, = 9a + 6ßy 
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Lecture 45 
Electromagnetic self mass, quark model (continued) 
+ 
We can calculate the EM self masses for every particle of the 1/2 octet 


as was done in the previous lecture for the proton, the result is: 


p = 9a + 6By 

n = 6a - 38 + 36y 
E = 9a + 6By 

E = 6a - 38 - 3fy 
=o = 3a + 38 

= = 3a + 38 

= = 6a - 38 + 3By 


A = 6a - 38 + 3 By 


Hence 
Mep ane / 2M, 

p-n = 3a + 38 + 3By - 1.29 MeV - 1.21 MeV 
z°227 = 3a - 68 + 3py - 6.6% .7 -6.7.9 
top? = 3a+38+ B py - 3.06 - 3.64 
r°- = 3a- 6B - 2 py - 4.86 + .07 - 5.78 
(r*-57)-(pen)-@ °=F) = 0 04.7 +549 


We have three constants for four mass differences so we have the relation 


(an SU, relation) 


3 
(f*-27) - (p-n) - €°- 


)= 0 


which fits well. (We choose to use a for no extremely good reason, the relation 
fits better with AM but there is little to choose,it is inside the experimental 


error for e also.) 


The values of the constants that we get are 
3a = -2.0 MeV 
B(l+y) = .24 MeV parallel spins 
B(l-y) = 1,32 MeV antiparallel spins 
B = .78 MeV y = -.69 MeV 
The sign of a is the opposite of what you would expect but then you expect 


+œ and it must be renormalized, possibly to a negative value. It means generally 


particles with fewer u quarks are heavier, i.e. more positively charged baryons 
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are lighter. The sign of the B term from electrostatic repulsion is positive 


as expected. We find attraction of parallel magnets in an s state but repulsion 


of antiparallel (the magnets are on top of each other) which is correct; the 


net repulsion in the parallel case is less. 
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Continuing in the 56 SU, multiplet to the decimet and supposing the constants 


are the same we can predict everything: 


att 
av = st 
A = gO #2° 


12a + 128(1-y) 


= 9a 


6a - 3B (1+) 


= 3a + 38(l+y) 


an /2, (predicted) 


an” /2M, (pred.) 4M(pred.) 
a-a + 0.4 + 0.3 
er a + 3.8 + 2.9 
atatt - 0.9 - 0.7 
por” + 4.7 + 3.2 
g7-2° + 3.4 + 2.2 


5.12 MeV 

6.00 

4.72 

1.28 
AM(exp.) 
2.9 t 9 
7.9 + 6.8 
3,3 2 1.5 
4.9 + 2.0 


The experimental data is not good but there is a serious discrepancy 


with a very recent experiment on a- nii 


general order of sizes is good. 


3 except for this the signs and 


For pseudoscalar mesons, noting that the sign of the charges is reversed 


for antiparticles, and that only antisymmetric spin contributes we get 


(call 8' = B(1-y)) 


5a + 28' 


a 
C] 


a 
‘ 


5a - 2 B' 
K = 5a + 28' 


K = 2a - g' 


Kt-K° = 3a + 38! 


64 


- 1.95 


an” /2M, (exp .) 


We have two constants to fit with two parameters and have no prediction. 


We get B' = .14, 3a = -2.38 again confirming that a is negative. 


In fact a is 


close to its value for the baryons which is what FKR's relativistic quark model 
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would expect. Furthermore the 8' = 8(l-y) is nearly of the same order of 
magnitude, 


Finally we do the vector mesons. Here we need 8(1-y) = b for parallel spins 


= 5a + 2b 
K = 2a -b 


ki 
° which is -5.7 + 1.7 MeV or 


The only data on AM is that for k*t -K 
am /2M, = -5.1 +4 1.5 = 3a + 3b. If 3a = -2.38 this gives B = -.9 + 5, which is 
very bad, it is of the wrong sign. If the values for the octet baryons are 
used we predict an?a = 41:93 

In this system we also have two other effects (discussed in Lecture 15) 


a) the electromagnetic mixing matrix between p? and w, with off diagonal term 


3a - 3b/2. b) The annihilation term between p? and w° which we found to be 


The off diagonal element 6 in the mass matrix 
dn = m -ir /2 6 
P P 


6 m, - ifw/2 

is determined by p,w interference to be -3.7 + .9 MeV. Subtracting the 
annihilation term +.51 gives -4.2 + .9 MeV., for the contribution of the self 
energy. an /2H then corresponds to 3a - 3b/2 = 3.7 + .7. This suggests if 
3a = -2 MeV that b is in fact positive and near + 1.1 + .4 MeV, not too con- 
sistent with the baryon value of .24 for parallel spins. 
To summarize: This is generally unsuccessful. For the baryons SU, works but 
SU, does not, predicting ae - Sa = + 0.3 for the experimental 2.9 +.9, For 
the mesons things are very poor. For pseudoscalars we get 3a = -2.4, B' = .14 
(compared to 1.3 for baryons). For the vector mesons the situation is confused. 

If we use mass differences instead of n” /2M, for the rules, the baryon 


constants come out 3a = -1.9, B(l+y) = 0.20, B(l-y)=0.98. The predicted 
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acs att is 0.8 so only little is gained here. But the meson situation is 


altered (because of the small 1 mass). The constants come out for the pseudo- 
scalars 3a = 7.0, 8' = 1.0. For the vector mesons we have 3a = -4.8, b = -0.3. 

The B(1+y) for baryons may differ from b for vector mesons and ß(l-y) for 
baryons may also differ from 8' for pseudoscalar mesons because the size of 
the wave function is so different so the mean l/r differs. The electric and 
magnetic interaction need not change in the same ratio so it is possible that 
b is negative for mesons and positive for baryons, but it is difficult to see 
why B’ is so different as the in gives. 

Why the value of 3a should differ in one case from the other is not 
clear. Were it not for experiment I would decide 3a calculated for om /2H, is 
the same for pseudoscalar and pseudovector mesons and is 0.6 of that for 
baryons. This is because we might guess that mass squared shifts due to 
strangeness come from a mass change in the s quark. The difference in a 
for the baryons is about .40, for the mesons about .24 or 0.6 as much. Thus 
the self energy correction effect - if it is to be associated simply with a 
proper mass change of the u quark will also be 0.6 as effective in mesons as 
in baryons. 

Evidently the naive theory does not work well, we do not understand 
things so well. A more detailed dynamical theory is necessary. But in any 
case, most particularly the large ae - ct is most disquieting. 
OI = 2 mass differences 

There is one observation that can be made here which suggests that dynamic 
calculations might be possible for some combinations. Notice that a is the 
self energy term, possibly involving high frequency behavior, but B(lty) is due 
to mutual interaction and ought to show no divergence. Certain combinations 
of mass squared differences do not involve a. They are 
- 1°), 
Eataa A = (at AT - 20%, 
Par -2r 
All these involve the AI = 2 isospin part of the electromagnetic self 


energy. This energy depends on the products of two current operators JJ each 
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of which contains AI = 0 or 1, and can make terms whose parts are AI = 0, 1 or 2. 
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In terms of L these go as constant, L’ and ie - $ I(I+l1) respectively. 
The constant (AI = 0) part is experimentally lost in the strong interactions, 
the AI = 1 or L terms are measured by differences proportional to I like 
zt - <= or p-n. But the AI = 2 term effect is proportional to i and is 
measured by the differences (like rf +r - 22°) mentioned above. 

We are calculating the al, = 0 component of the AI = 2 effect, of course, 
but to isolate it think of calculating an artificial At, = +2 that would arise 
if electromagnetic current J were Al, = +1 (instead of al, = 0), st = 1. We 
must then think of calculating an effect of two currents like y S 

Now we see why a does not arise, and why in general, possibly the integrals 
in calculating this might converge rapidly at high v, provided partons are 
quarks. For if all the current carrying fundamental operators (partons) have 
isospin 1/2 it is impossible for two Jt to operate on the same parton in 
succession at high energy. Thus the virtual photon exchange diagrams like A 


contribute only to AI = 1 and are impossible for AI = 2, only B are allowed for 


AI = 2 
aryon Baryon strong 
ry < y ===- interaction 
A AANA photon 
iS — parton 
Baryon i Baryon’ 


Large virtual momenta of the photon is poseible in A no matter how soft 
the strong interactions are - if the initial momentum distribution of the 
partons involves only slow ones 30 can the final state. But in B, if the 
virtual photon momentum is very high it is unlikely that the soft strong 
interaction can pull the partons back together to give much of a diagonal 


amplitude to be in the undisturbed baryon state again. 


Lecture 46 
Further comments on electromagnetic mass differences 
As we found in the previous lecture, dynamic calculations of AI = 2 mass 
differences should be feasible by summing over not many states and using all 


we know theoretically and experimentally about the expected behavior of the 
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necessary matrix elements, Of particular interest would be a study of the 
i - n° mass difference. 
The elastic term contributes almost all of the a - z? mass difference 


as a simple calculation will show, The diagrams are 


ay 


The pion form factor is dominated by the p resonance, we therefore include a 


factor n ?/ a-n, at each photon coupling so the mass difference is 


4 4 4 
(2p, = )(2p “4, ) d q/ (27) m 
Ane = 4ne 2 f [spre -ô ] 7 -y (46.1) 
Ga a mG (CUE 


To order zero in npin? the first term in the square brackets is 1, this gives 


2a) q (a -m ) 
The integral is readily performed remembering that in four dimensions ag = n qda? 
after integrating over angles. The result of the zeroth order calculation is 


CCSN = sem, */4r, doing the next order gives 


2 2 2 nm 2\2 
2 3e m 
Aw aes Byte +0 “5 (46.2) 
™ To 


1.16 x 107 (Gev)? 


In terms of ^Am = am? /2m this is oe - x" = 4,1 MeV as compared to the experi- 
mental 4.6 MeV. Estimates of contributions of higher intermediate states 
(which could be done using FKR's model) should be small. 

A similar result is found for E +r - 25°, It seems as though the 
elastic term already gives almost the complete result. Estimates of higher 
resonances give less than 20%, and the result is in good agreement with the 


data. 


The contributions of the elastic term to self energy differences of 
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baryons were calculated by Gross and Pagels, Phys. Rev. 172 1381 (1968) using 


for the magnetic moments, and Gg and Gy varying like (1 + Ps ie 5B fia 


SU, 
They get 
4M(elastic) OM(exp.) 
p-n +0.79 MeV - 1.29 MeV 
zt- r° +0.16 - 3.06 
z -r7 - 0.88 - 4.86 
g° eT - 1.10 -6.52.7 


(Most of this is due to the charge, since there are factors of q from váy, 
in the magnetic part.) Note that zt +5 = 25° = +1.54 MeV (elastic) compared 
to +1.8 experimental, as we expected this should be dominated by the elastic 
term. (Decimet intermediate states give less than .l and presumably higher 
ones even less.) 

Note that other combinations (other than AI = 2) do not involve "a" 
(see lectures 44 and 45, "a" is the EM self energy of a quark) such as (p-n) 
- (2°38 5. In this case one cannot show that these differences also involve 
a product of currents such that each current does not act on the same quark. 
But the fact that "a" is not involved suggests that we may be able to get at 
this difference also by estimating matrix elements to various known states 
using, for example, the quark model. However, the elastic term fails utterly 
this time Am(elastic) = +1.9, AMexp. = 4.2 + .7. Why? To explain this we 


look at the contributions from the scaling region. Let u(x), u(x), d(x), d(x), 


s(x), 5(x) be as described in lecture 31, then vW, /x = f(x) for p, n, =° and 


= is 
£°P - FUtD+PT@+ H+ EC +8) 
- FC ut D+ Pat D+F +8) 
2° 1 - 4 ae ol = 
pt = 7 uty +5 (+d) +5 +8) 
e5 - Latardat+rareers (46.3) 


(The neutron is obtained from the proton by replacing u by d and vice versa. 
The 3° is like the neutron but s replaces u and vice versa. The =~ is like the 


=° but u replaces d and vice versa.) Therefore the scaling function for (p-n)- 
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(= -E ) is t (u+u+s +85 -2d - 2d) which is not necessarily zero so 
high frequencies can come in. In the model of valence quarks plus sea it is 
zero but we do not believe this to be likely. 

For further details on all these matters of EM self energy see an article 
by W.N. Cottingham in "Hadronic Interactions of Electrons and Protons", Cummings 


and Osborn Ed. Academic Press, N.Y. 1971. 


Lecture 47 
Compton effect yp > yp or yn > yn 
We now go on to discuss other effects involving two photon couplings. 
The Compton effect is the most closely related to what we have done. If the 
scattering is exactly in the forward direction the scattering amplitude is given 


os 0. We previously meant the average over proton spins, 


by T (av) for q 
thus T is the spin averaged forward scattering, we could also measure for 
special spin directions of the proton. The imaginary part of the forward 

scattering is, of course, the total cross section Cp or oo which we have 
discussed before. (E.g. a, showed resonances at low v, a fall off perhaps 


like (97 + 67/YV) ub, and (97 + 43/vv/ub) for neutrons. 


The differential cross section can be fitted with 


do do At 
Sa Pe 


For energies from 2 to 7 GeV we get around 6 cev72. For energies from 8 to 


16 GeV, A= 8 cev”? is closer; there is some sign of a quadratic term At + Bt? 
with A = 7.4, B = 2.0. (This is much like hadron diffraction scattering, e.g. 
mp at 9 GeV has A = 9, B = 2.5.) Thus photon diffraction looks very much the 
same as would be expected for hadrons except for the very much smaller cross 
section, of course. 


We now discuss the forward scattering in more detail including spin effects. 


The forward amplitude may be written 
f(v) = £,(v) ORA +i £,(v)o . (A x è) (47.1) 


as a spin matrix operating between spin states of the proton in the lab. system. 


The various measured quantities are expressed in terms of fi and f, as follows: 
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The total cross section is the imaginary part of the diagonal (in spin) 


scattering 
(47.2) 


Im £,() = Lig 
4n 


This is known. The forward differential cross section for unpolarized forward 


scattering is 


do T 2 2 1 2 T 2 r 2 
== = (Ell eJ = — of +5 [Re £,/° +5 lE] (47.3) 
ae eed 2 len tot 2 1 ee 


o 


The real part of fi can be obtained from the imaginary part by a dispersion 
relation, (Eq.(40.6a) for a = 0) where we use the fact that f| (0) = -e? M. 

Re f (v) = - = + a [popes enw) vidst (47.4) 

=% 2) 

This has been evaluated (see Damashek and Gilman, Phys. Rev. D1 1319 (1970) 
or Buschhorn et al. Phys. Lett. 33B 241 (1970) and the sum of the first two 
terms of (47.3) is compared to the experimental (do/dt) S to see how big the 
last term is. They agree within errors for v from 2.5 to 17 GeV so the l£, l?/v 
contribution is less than 10% over the entire range. (The contribution is 
greatest from the first term in (47.3) above about 5 GeV. The second is 15% 
at 2 GeV and falls away at higher v). 

We also know, for small v, as v > 0, f£, (v) =- £ N v where Wy is the 
anomalous part of the magnetic moment of the nucleon in nuclear magnetons. 

At finite angles the asymmetry parameter has been measured 


RA E u (47.5) 


o + oy 


where 9) and i are differential cross sections at fixed t for incoming 
photons polarized perpendicular or parallel to the plane of collision, For 


t=0 I must be zero, of course; but within the limits of experimental error 
(210% for -t< .2, £20% up to -t = .6) it is zero up to t = -0.6. (The 
average of I for t = .1 to .7 is .02 +.06.) 

We have discussed the size of do/dt for yp in relation to (VDM) pp cross 
section (see lecture 20), it is twice larger than VDM expects. The asymmetry 
produces no problem for the corresponding asymmetry in the p case, it is also 


very small. This is not unexpected, s channel helicity conservation also 
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expects the same result. The question is: With incident light in the z direction 
with x polarization do more photons scatter at a small angle 0 % Q (transverse) /v 
in the direction x or in the direction y? From the point of view of diffraction, 
currents generated by the incident wave must be adequate to produce the correct 
forward scattered wave to interfere with the incident wave to account for the 
loss of intensity of this wave represented by the total cross section. These 
currents are obviously limited to the spatial region of the proton, and so they 
produce scattered waves in other directions, the usual Pia of diffraction from 
the proton, just as in hadronic collisions. But these currents must make pure 
x polarization at least in the forward direction, they are x directed currents. 

In other directions at small angles we have the same intensity for x and y 


deflection except for a cos ® iab 2l- o? projection for x deflection, 


lab 
therefore E = (l - cos & ab )/(1 + cos Qab )= o? [23 -t/2v? = + .03 for 


lab. 

-t = 0.6, v 23.5 where the data is taken. Thus we expect small £, if any, 
close enough to zero to not be in disagreement with experiment within its errors. 

To summarize, the Compton scattering as a function of t above 2 GeV shows 
no surprises other than what we can expect from diffraction from the known total 
photon absorption cross section. 

Below 2 GeV, therefore in the resonance region, there is no data. But it 
should be possible to make a pretty good theory of angular distribution 
and energy variation by considering a succession of s-channel resonances 
(many of the matrix elements of which are known from the study of yp > mp 
in the same energy region, unknown ones may be guessed from the quark model). 


There is also a computable neutral pion exchange term 


P P 
The coupling of two photons to a neutral pion is known from the n+ 2y decay. 
All these calculations can be checked and controlled by fitting the calculated 
imaginary part of the scattering to the nicely measured total cross section 
tot 


oN which shows the expected resonance bumps in this region of energy. 


Compton effect for very small Q, v 


Scattering of very low Q, v is like the scattering of radio waves, or 


(if R # 0) it depends on the reaction of a particle to nearly constant electric 
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and magnetic fields. This is, of course, given by two experimental constants, 
(obtained by measurements in such fields) the charge and the magnetic moment 
(restrict to spin 1/2 case). Therefore we expect the Compton effect for low 
enough v, Q to be given entirely in terms of these constants. The particles 
should act exactly as if they were point particles. One can compute the effect 
semiclassically or from the non-relativistic approximation to the Schroedinger 
equation with spin (Pauli equation) or again by diagrams assuming a pure 
particle with no internal excited states. Such a term is called a Born tern. 
Thus we write Tiy (not averaged over spin directions of the proton) as a sum 


from the Born term and the rest from other diagrams 
T =r Fae È (47.6) 


uv uv 


The reason T? dominates at low v is that it has an energy denominator 
due to the intermediate state A of size a +v -E,) so if Ais also a proton 
EA is a (as Q > 0) and we have a leading 1/v factor which doesn't appear in 
the remaining terms TÈ, 

As you expect the matrix element of the charge density J, =p at Q=0 
is- the total charge and is diagonal thus < x| p (Q) | p> = order È if x is not 
the proton state. To show that the off diagonal matrix elements of other 
components of J also go to zero we look at ay <x| J.P = 0 (charge conser- 
vation); so v<x|p|p> = Q-¢x|5(0)| p>, hence if v, Q go to zero together we 
see that J matrix elements go to zero. A more rigorous (but harder to interpret) 
argument is given below. 

We now compute the limit of TË as v, Q>0. If Wa is the anomalous 
moment in nuclear magnetons, the coupling of a photon is Yi + = (v - GAAR) so 


u 
Peo + d- m) H o yt yd - dy) + 
Tuv 2M 2p-q +q? 2M 


+ (y, rA- po ie g + Band - a (47.7) 
-2p-q + qe 2M 


For small q and ar = 0 this is easily worked out to be 
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2 2 
e e > > 
-2 (e, -e,) -i S u, v (ove, xe) 
a f i ow A i f 


while the contribution from TË starts as oe and thus we have as v > 0 
2 
f} (0) = - e /M 


£, (v)/v = f3 (0) = - Pe u 2 ow (47.8) 


To show how TÈ is small more formally (at least for the fi term) note 
that Tiy total as well as T each separately satisfy the gauge condition at =0, 


R 


R 
hence we must have A = 0, Now we can write Thy (for the symmetric spin 


= + + + 
averaged case at least) as a power series Tiv ap P, b (Pay P,a) 


total 
c Sy + order q There must be no poles like 1/p-q in a,b,c (unlike Ne a 


which has such poles coming from 18). Now 4, T = 0 requires 
2 3 
(a)P, at (p-q)a, b+ a P b + q £ + order q = 0 


We cannot solve this by a = -bq /p-q because no 1/p.q terms are allowed. 
Clearly c = - p-qb, b = - paali with a = aar are the only possibilities, 
therefore av a a bv -a(p-q), cv apd)? and the term starts out as second 
order in q. The unsymmetric non-spin summed Ty can also be shown to be of 


ta des = T to order 1 and v. (For a complete 


the same order and therefore T 
discussion see Low, Phys. Rev. 96 1428 (1954) and Gell-Mann, Phys. Rev. 96 1433 
(1954).) 

Forward Compton scattering from non-relativistdc Schroedinger equation 


The equation is (with first order relativistic corrections) 


uy = | + G- eh) G- ek) -+A 67)? -Latupysd+ 
2M = 2M a 
e? + > 
+ = (1 + 2u) (Ë + 20. - eÑ)xĖ)| y = Ey (47.9) 
The incident amplitude is k «= è> È= ive, and Beikx è In the laboratory 
? is zero, hence the leading term comes from the K-% term and is -(e7/2m)2, -è ʻe 


i f 


contributing to fh: Next we have the term o-B operating in second order, two 


diagrams with energy denominators -v and +v 


& kx i x iD (o-k xe Gk x ee 
een a? 
v ™ 


This is - PET “(kK x ep) x(k xe 1)? = -io. & Ke pY so we get 
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2 
-i 4 (1+ upv OA x čp contributing to fy 
2M 


Finally the last term in (47.9) with the term oA x È gives 


2 
e > > > > > + 
a (1 + 2u,) a. (e; x ive.) + +(e, x (-4v8,))] 


which combines with the previous term to change the (1 + wD to Wy we 


therefore have 


2 2 
Amp. =-- ¢ »o-t Sy uly dG, x 8) ` 


2M 2M? 
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Other quantities involving Tiv 


Another experimental quantity that involves our function Thy = <pl{ IJ rlo 
(not averaged over the spin of the proton, it involves the antisymmetric part of Tiv) 
is the hyperfine splitting energy in hydrogen responsible for the 1420-megacycle 
line. It is the difference in energy in the ground s state of atomic hydrogen 
depending on whether the spins of the electron and proton are parallel or anti- 
parallel. In non-relativistic approximation it depends on the probability that 
the electron is on top of the proton |y(o)|? in the ground state wave function. 
Relativistically we can write (Ro = Rydberg, u He magnetic moments of p and 


e, My = Bohr magneton) 


2 uv 2 
se = A R Peat DP atiae (48.1) 
3 v 
o 


The factor (1 + n/m)? comes from reduced mass corrections to the Schroedinger 
equation in getting lyo) 2; 1+ 3a2/2 is a modification due to the Dirac 
equation. The other factors EBT are all near one and are due to higher 
order quantum electrodynamic corrections. They have been separated into three 


factors for convenience of discussion. £ comes from QED modifications of the 
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motion of the electron, diagrams like A below. 


A B 
æ comes from the proton recoil diagrams of type B in which the fact that the 
proton is not a point charge is included by using measured form factors. P comes 


from two photon exchange terms of the form C, D. 


c D 


All these factors except P which depends on as yet unknown properties 
of the proton have been calculated to very high accuracy - further ôE is 
measured to absurdly high accuracy. The constants like a, Mp etc. are now 
known well enough to determine to about four parts per million. Theo- 
retically, the deviation due to is about this same order of magnitude. 
As long as P remains uncertain we cannot use these accurate measurements and 
calculations to improve our knowledge of the constants - or to put the problem 
the other way if more accurate values of the other constants become available 
that will tell us an electromagnetic property of the proton - and we would 
be challenged to calculate it, write P= 1+ A. Let us see what is involved. 

Obviously the proton coupling is to two currents. We separate the cases 
that the photons are of low energy and momentum from the cases where they are 
high. Where they are low, binding of the electron in initial and intermediate 
states etc. must be considered - but here for low v, Q, the proton acts, as we 
have seen, like a particle of charge and magnetic moment and thus we can do 
this part of the calculation. For definiteness we do it putting in the experi- 
mental form factors once for each photon and integrate over all moments, call 
this 4): Write A = ôi + åz. Now for high virtual momentum electron binding, 
even the electron mass can be neglected and we can imagine the electron and 


proton to be free and at rest before and after the scattering - thus our two 
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current operator <plJ Jp for proton in and out of same momentum (rest) is 
all that is involved. Naturally states x other than pure proton Born states 
are involved. Of course we have already counted some high momentum contri- 


butions in A, and we shall have to subtract them, thus we shall have not just 


1 
T but rather T -T elascte where T elastic is calculated from the Born 
uv uv uv uv 
term alone with form factors. Call this T '=T -T elastic. Then ô, is 
uv uv uv 2 


proportional. to diagrams C, D with electron at rest initially and finally. 
If Ti is a y matrix on the proton spin it depends on the spin flip amplitude 


for the proton - thus on the antisymmetrical part of Tg (proton at rest). 


Vv 
u q J 
dfg 1 1 
— ' — 
4% ey Tr (Cy Z Cty, )y,y5)TE (Tiv 7 (lty,)y,¥5) (48.2) 


The factor 1/2)? is for the two photon propagators. The first trace 


is the Compton scattering by the electron 


1 1 a 2 
ey le es 


neglecting the momentum p and mass of the electron. The second factor is the 
coupling of two photons to the proton, which we do not know but which we are 
discussing; we need its antisymmetric part. In Lecture 33 we wrote its 


imaginary part Woy in the form 
W =4PPUW -4M6 W + 4Mic a’ [M sG, + (P-q 8° - s-q P°)G,) 
uv uv2 uv 1 uvàg 1 a a 2 


where G and G, are functions of qe and v defining the imaginary part. Let 


the complete scattering functions of which G and Gy are the imaginary part 
be called Sy and So: That is, we write a form for Tiv just like the above 


for Riy except S., S, replace G 


1’? °2 


substitution we can express Ay directly in terms of S 


G,3 and G> G, are Im S} > Im So: Then by 


S 


1? 
p Sy One gets (see 
Drell and Sullivan, Phys. Rev. 154 1477 (1967) and C.N. Iddings, Phys. Rev. 


138B 446 (1965)). 


4 22 
d 2 2 
ne fet, [ae - v“) S} @v) tas, aê 
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Now we can do many things with this to try to estimate it or compare 
it to things measurable in principle in ways entirely analogous to our dis- 
cussion of electromagnetic self energy. For an example, we can use Cottingham's 
idea of rotating the contour on the dq, integral from the real to the imaginary 


axes, thus the integrals depend only on S S3 in the negative a region. 


1’ 
Finally we can express these complete 5), S3 in terms of G)» Gy (their imaginary 


parts) by a dispersion relation, and thus express b3 in terms of G,, G 


i haar a 

Two questions come up: 

First, are these unknown functions, like T, Cosa) necessary in the dis- 
persion relation or are they as for T, without constants? (The answer to this 
question is almost certainly known.) We can guess because we know the asymptotic 


scaling behavior of G Gy. If there are subtractions, this method is frustrated. 


1’ 
Second, supposing there are no undetermined functions in the dispersion 


relation and 4, can be entirely expressed in terms of G G, in the experimental 


1’ 


region; what can we do until G G, is directly measured? It becomes a research 


1’ 
problem to guess as completely as possible to see in what ranges of “ars v the 

Ly} is most sensitive and use whatever models or ideas are most reliable there. 

We could try to incorporate all that is known of low energy thecrems and integrals 
(like / 8,dx = 0) to limit the possibilities. At worst, certain limits of un- 
certainty can be established since, for example, 2g, which is the difference 

of up and down spin partons hy (x) - h_(x) (see Lecture 33) cannot exceed the 

sun hy (x) + h_(x) which is f(x) and is measured. Generally positivity of the 


trace of Im Tiy on any diagonal state limit the size of G> G3 in terms of W 


1’ 
W in some way. This problem should be pursued 

And if the answer to the first question is yes and there are unknown 
functions brought in in the fixed @ dispersion relations? Then Cottingham's 
scheme does not work and we shall have to use other methods of analysis such 
as the fixed Q dispersion relations to obtain expressions on which we can apply 
our partial physical understanding of photon hadron interactions - partons, 
scaling, quark model, etc., - in conjunction with as many sum rules etc., that 
we know (as well as possibly even the numerical value of the n-p mass differences) 
to guide us as much as possible to calculate this quantity Ay as accurately as 


possible, and with an honest estimate of the possible theoretical limits of 


uncertainty. 
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Other two-current effects 

I should just like to add a few miscellaneous remarks of situations in 
which the double operation of two currents is involved, namely, in the dis- 
integration of pseudoscalar mesons. They all present interesting questions 
for study; this is meant merely as an introduction. Of course matrix elements 
of one Mi are involved in single photon decays like w > my and we have already 
discussed them. 

Two J's are obviously involved in two photon decays like n> 2y or 
n° + 2y. An honest calculation of either one of these would be very interesting 
(one in which the validity of the assumptions is backed up by considerably more 


than the mere fact that the answer agrees with this one experiment). What does 


su, say? Use the quark model Pak (uu - dd), n° = at (uu + dd - 28s) to get 
v2 46 
the ratio of amplitudes amp n° /amp n= a G - a G + 5 - 25) = 73, It says 
V2 6 


that the amplitude for 7 is /3 that for n, so the rate should be three times as 


high. Experimentally the widths are h(n? + 2y) = 7.2 + 1.0 eV, and the partial 
width n > 2y is [(n + 2y) = 1.0 + .3 KeV. The ratio is 1/140 instead of 3! 

Of course, the reason for the abject failure is the very large mass 
difference of w and n m/n = 1/15) and we must be much more careful of 
it. This is where SU, is indefinite - and no universal way of doing this is 


known. First there is phase space: the general formula for disintegration of 


an object of mass m at rest into two particles each of whose momentum is Q is 


r= a fal? 
8mm 


where M is the relativistic matrix element. In our case (2y) Q = m/2 so phase 

space (i.e. if we assume M is given by SU) works against the n and the dis- 

crepancy is another factor of o,/o, worse (i.e. M M? = 1/540 instead of 3/1). 
More sensibly we should write M in its simplest relativistic form which 


for a pseudoscalar meson disintegrating into 2y's of polarization ej» eo» 


momenta kjeks isM=a woo ĉlu &2v kis at 
Now the guess would be that a is determined by SU}. This means M goes 
2 2 Pi 2,2. 1 
as Q orm .. Rate /Rate = —> , a /a = —, This at least moves in 
i n a?’ TON wo 


n 
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the right direction, it gives 


= 0.4 instead of 3.0. 
This is not bad but (a) what of the remaining discrepancy and (b) why 


should a be given by SU, and not say a/m or a/n? Evidently we have been doing 


3 
too much comparison to experiment and too little thinking. Can we reason out 
from other things we know just how the nm rate and n rate should be compared, or 
how either might be calculated or estimated absolutely? 

With regard to the mechanism of the decay ever since it was suggested 


by Gell-Mann, Sharp and Wagner, Phys. Rev. Letters 8 261 (1962) it is supposed 


to be dominated by the diagram going through an intermediate p or w meson like 


n 


This connects it to the npy coupling constant, or through SU, to the pseudoscalar 
vector photon coupling constants in general; determined directly for example 
by the w > ny rate. 


Again n > mny is interpreted in the same way as 


The pnm coupling being known one can compare this with n > yy and predict 
the ratio [(n + nny)/T(n + yy) with good success. Gell-Mann et al. got .25, 
experiment is .12 (Gormley, Phys. Rev. 2D 501 (1970)). (For two calculations 
corresponding to different choices of how the coupling constants symmetry rules 
depend on the masses of the states see Brown, Muncek and Singler, Phys. Rev. 
Letters 21 707 (1968) and Chan, Clavelli and Torgerson, Phys. Rev. 185 1754 
(1969). The choice made in the latter paper fits very nice.) This is inter- 
esting for at first sight the numerator is order a and denominator is order ae 
so the order should be 137 but here many numerical constants accumulate to 
overwhelm this factor and make the ratio nearly 1000 times smaller. For this 


2 


picture there is a factor in the matrix element for n > try like 1/ m? ga m ) 


where 2 is the invariant mass squared (P4 + p)? of the four-vector sum 


of the two pions. This distorts the spectrum away from the simplest form toward 
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larger probabilities for larger a. The experiments (Gormley) are so 
accurate to see this effect, even quantitatively, so there can be na doubt of 
the mechanism in this case. It is likely therefore that no deep mysteries lie 
in the 2y disintegrations either. 

However the n + 3n does present a challenge. The G parity of the t's 
is -, of the n is + so the disintegration is not allowed, strongly. Consider 
n+ nOn nT, charge conjugation (which we think is surely satisfied for decays 
at this rate) (n and n° are charge conjugation + because they can go into 2y) 
requires that the nt, n must be symmetric, they must be in an I = 0 or 2 state. 
This added to the I = 1 of the third meson yields only total I = 1, 1, 2, 3 as 
possibilities, there is no I = 0. Therefore the decay cannot occur except by 
violation of isotopic spin. Isospin is, of course, violated by electrodynamics 
so an electrodynamic virtual effect (order o in matrix element) is involved and 
the rate is of order a so n > 2y can compete with it rather than being completely 
swamped by what it would be if n + 3n were a strong interaction. (The data on 


n decays is 


Branching ratio % 


n > ane 23.1 41.1 
+ 3n° 30.3 # 1.1 
Sea tae 4.7 + 0.2 
> yy 38.6 +1 
> nyy 3.3941 

petal’) = 2.70 + .67 Kev) 


The change in I spin can be AI = 0, 1, 2 but only the AI = 1 part violates 
G parity. Hence the final state of three pions must have I = 1. From this we 
can get an estimate of the ratio [(n > 30°) /T(n > ata nr’), Combining three 
states of isospin one we can get for the total I spin: 

symmetric ys ae | 

skew symmetric 22,4, 1 

antisymmetric 0 
If we suppose the 3n are in their lowest space wave, s wave and symmetric, 
since they are Bose we will have I spin 3 or 1; EM permits only the 1 (but 


by proper use of space states the skew-symmetric I = 1 states could come in). 
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For this state T(n + 3n°)/T(n + a 


nn?) = 3/2. If there is some skew symmetric 
(momentum dependent) space state the other I = 1 can come in reducing the 3/2; 
since it comes in with higher angular momentum it is probably smaller so the 
ratio may be fairly close to 3/2. It is 1.3 experimentally. 

How do we calculate the rate n + 31? Where does the intermediate photon 
act; can we guess which intermediate states are most likely to be important? 


A quantitave estimate for this rate is a problem that no discussion of the 


effects of virtual self energy photon action can fail to mention. 


Hypotheses in the Parton Model 
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Hypotheses in the Parton Model 

We should now like to discuss what we can say about what the products 
X would look like in deep inelastic scattering e +p +e +X. There are some 
measurements for certain definite final states X for small energies and low 
ae of the virtual photon (see Berkelman, 1971 Cornell conference). Most 
of these can be understood from direct extensions of our theories for photon 
a? = 0) reactions, We have already discussed pion production from virtual 
pion exchange as yielding information on the pion form factor. In addition 
p production has been studied from virtual photons, with no surprises - VDM 
gives a fair account - see our theory discussed in Lectures 16 to 21 where we 
merely have to replace Ke by a? in the equations there yielding a factor 
n/m?) ae is negative) relative to the q2 = 0 case. 

It is necessary also to make an assumption of how the longitudinally 
polarized photon (possible when a # 0) couples in relation to the longitudinally 
polarized p — 2: is assumed that these amplitudes are related by a factor 


m 

@/m,”) t+ the extra factor qin,” is anansatz made because gauge 
megad 
P 


invariance requires that J longitudinal vaaishes as ae > 0. This may be valid 


for not too large a but of course if a becomes really very large the 
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assumptions about small p+ a production may begin to fail. 

What happens at large a; and how it ties on to small a’, in every case 
for very large v will be our present concern. We shall have to be guided by 
theory and I will take this opportunity to review the parton model and some 
assumptions that can be made about it. We shall list assumptions that we can 
make - without today being sure of which are right and which wrong - just to 
see what their consequences are with the hope that experiment may later make 
the selection (e.g. are charged partons quarks?). Therefore in our list 
some assumptions will (perhaps) be inconsistent with others. The assumptions 
will come from a mixture of theoretical guesses and known experimental 
facts - so one might be warned that if a particular assumption neatly explains 
some experimental fact it may not really be a significant confirmation for the 
assumption might have been made with that fact in mind. Finally, little 
effort will be made to derive one assumption from another - they are certainly 
not independent. This will therefore unfortunately not be a mathematical and 
sound system, but rather a lengthy "intuitive" or physical discussion. 

For a good discussion along the same lines see J. Bjorken's paper in 
the 1971 Cornell Conference. 

General Framework 

We suppose as in field theory, a wave function for a state can be given 
by giving the amplitude for finding various numbers of field quanta, or partons 
of various momenta. In particular we discuss the wave functions of single 
particles (sometimes two particles in collision) with extremely large momentum 
P in the z direction (P + œ). The wave function is being described in Fock 


space giving for a state the amplitude 


ver ¥, 


¥,(P)) 


y 
201’ Py) 


etc. 


where 4 is the amplitude to find no partons (usually zero); ¥, (P)) is the 


amplitude there is one parton (of such and such a type, an index we are omitting) 
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which has momentum P}; v2 is the amplitude there are two partons of momenta 
Py» Py etc. This can be written in other ways. For example let | VAc> 

* 
represent the vacuum state and a, the operator creating a parton of momentum 


* 
p. Then we can write the wave function state | p> = F |VAC> where 
x x 1 k k 
F = 1+) da >) a a H 
4 P} v (Py p 2 Lipp, “ri ry Ya (Py oP) 


is some function of the creation operators. 
Then we make the following assumptions: 
Al. The amplitude to find a large P on any parton falls rapidly with P, 


such that effectively we can in first approximation consider all P are finite 


(as P > œ), 

A2. The "wave function" for longitudinal momentum of order P, i.e. pE 
depends only on x. 

This requires some complicating remarks to make its definition clear 
for there is, as P + œ, an ever increasing contribution to wy for small x. 
More precisely consider the density matrix. Let V_q(PyPo°++P,) be the amplitude 
to find n partons of momenta Py to Pa’ Then for example the density for one at 


k is 


yy (pce È Sap )n ap, = p(k) 
n i 


That this depends only on kj and x = k,/P when x is finite as P > œ is the 
assumption we want to make - with all its generalizations. E.g. the one 
particle density matrix (like > Jappe kPa) Va (pyPy--k'.+ +P.) 
dp,---dp, = o(k,k') depends only on ky sky sk) /Poki/P etc., when x is finite. 
Again the two particle density (the expectation of PEREI) 
behaves likewise etc. It is almost but not quite tha same as saying the 
wave function in Pye x, = Pry/Ps has a definite limit. The wave function 
is a function of all of the momenta including those of finite momentum 
(which we call wees). The scaling doesn't work for those - in fact the 
mean number of particles rises with P so the wave function Va for any fixed 
n falls with P (like a power of P) but the "relative wave function" e.g., a 
ratio in which only one particle (or a finite number) is moved depends for 
finite x, P only on x, Pi: 
A3. In the wave function the amplitude to find finite longitudinal 
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momentum particles remains finite as P + œ, That is to say again that the 


density matrix, e.g. the density for finding particles with finite (e.g. < +4 GeV) 
values of PL have a definite limiting behavior as P > œ, and the expected 


number of such wee partons is finite. 
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Hypotheges in the Parton Model (continued) 


A4. To have continuity between A3 and A2 the mean number of partons of 
a given type for small x goes as dx/x and the wees go as dp lP, as P + œ, 
The number for P: negative falls off rapidly so that for P,* xP, finite x 
negative there are no partons; although for P3 negative and finite there are 
some (a fixed amount falling rapidly with negative P3). 


(As a trivial example of the kind of behavior envisaged in the wee region 


* k 
consider a wave function like exp (È Ca.) o> where ak creates a particle of 
longitudinal momentum k and Cc, varies as Ck = a/ (u-k)u 2 with w = e741 say, 


and a = constant.) 
Ai. The behavior of the wees is nearly (as P + œ completely) independent 


of the distribution of the fast (finite x) partons. This again is complicated. 
Ps ae te ee ee ee, ee E 


2 2 
If we stretch out the variable P3 by, for example, defining y = £n ( Ve, + 1 GeV 


+ P,) so for finite Poy is finite; for finite x,y is %n2P + &£nx. 


We have particles at every y from finite to &n2P. 


0 2n2P 
We have drawn a graph of the mean number of particles in dy. If we 


look near finite y, P + œ we see the behavior of the wees; if we look at 
finite %£n2P-y (finite x) we see the behavior of the scaling fast ones; in 
between is a plateau with a finite density of partons so the mean number of 
partons rises as 2nP. 

It is easy to understand the density but how do we understand the wave 


function? This gives the amplitude for every configuration, which is a set 
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of values of y for partons present 


0 2n2P 


—— tt ty 


How does this amplitude vary with the position of the dots? It behaves 
like a wave function for a finite one dimensional drop of liquid of thickness 
£n2P, The amplitude is large only if particles are mom or less everywhere, 
with a uniform density except near the surfaces at &£n2P and 0. The behavior 
at one surface is not strongly influenced by what the configuration is at the 
other surface - they are insulated from each other by the long (?, £n2P is 
never really very large) intermediary plateau. 

Mathematically we are discussing the solution of Hy = Ey for a state of 
fixed P (but we do not know H, of course). If r is the momentum operator 


x 
(e.g. like I PL akêk etc.) we want P y = Py. Consider then that y is an 


eigenvector of the operator W =H - T, for a state of mass M. Now as P + œ 


(E = VP? P+M /2P) we can consider the limit 


(2PW)y = My (51.1) 
so we are looking at eigenvectors with fixed eigenvalues of the operator PW as 
P > œ. We are assuming that it looks as if, as P + œ the operator PW has a 
distinct limit, expressible in x = P,/P and Ps This would be nice, but there 
is trouble on the small momentum end. The equation is like a cascade, large x 
generates smaller x through interaction terms (like turbulence equations, or 
cosmic ray showers). Smaller momenta pile up until new phenomena sets in to 
change the equations (like viscosity in turbulence, or ionization loss in 
cosmic rays) to finally determine the wee x (finite P,) behavior. (The approxi- 
mation in showing that PW depends only on x is wrong, for example we can no 
longer write Vp, +p, a a Po”) But by that time the "shower is fully developed" 
and the behavior of the wees (except for normalization - total strength of 
wees) is independent of the way it started at finite x. (In the wee region 
interaction energies are comparable to kinetic energies.) 

The behavior at this end is a solution of the equation 


W = 0 (51.2) 


(Note the omission of P.) In general the operator W does not have a zero 
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eigenvalue if all boundary conditions are used - but here we relax the boundary 
condition of finiteness as Pa +o, (It is like solving the Schroedinger 
equation Hy = Ey for E = 0 when it does not have this eigenvalue by relaxing 
say the condition at r+ œ and thus studying open scattering states approxi- 
mately to which the real large r behavior will have to be attached - here we 
must ultimately really attack the finite x solution of 2PWy = mey.) 

It can be shown that since equation (51.2) is invariant under a boost 


(a Lorentz transformation in the z direction by velocity v, call f mT) 
in which all large p, are multiplied by f, that y can be of the form ffy 
(so boosting does not change y, only the normalization). This means that for 
finite but small x the probability of one parton at x varies as x?bax/x. The 
lowest 8 solution we assume in A4 corresponds to B = O (from experiment, not 
theory). Other solutions exist for higher 8 and the general solution is a 
linear combination of these whose coefficients are determined by how they 
fit on to (51.1). I had hoped to get a field theory interpretation of Regge 
theory this way but I have not completed the analysis. 

A6. The distribution of the wees is the same for all hadrons. This is 
a bold assumption partly guided by experiment. Among other things it means 
the wees are neutral to isotopic spin; the wees for the proton look just as 
they do for the neutron. The difference can only come from a higher B and 
hence falls in amplitude relatively as p8 (8 > 0). The assumption that the 


wees are SU, symmetric will not be made, (I think it leads to disagreement 


3 
with experiment in the expected ratios of 1's to K's in certain experiments) 


for we imagine interaction forces are effective in determining the wee dis- 
tribution and such forces are not SU, invariant. 

(It strikes me at this moment, that since the wees are determined by 
Wy = 0, i.e., a state of zero mass squared, and that since pions have a small 
mass, the state of the wees may be approximately only pions (with kaons, of 
larger mass much reduced, hence large SU, breaking.) Known pion interactions 
(perhaps described by intermediary p mesons) might permit a solution of Wy = 0 
in terms appropriate pion base states. If you do this I would suggest it 
might be easier if you work at first with the symmetric (intp_) wee distri- 
bution corresponding to two fast hadrons colliding, rather than this one- 


sided, one-particle distribution.) 
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The assumption A6 is not completely obvious from field theory - for 
there might be some long range direct effect of the fast partons on the slow 
ones in principle. The choice is guided by experiment (which shows that the 
right-moving products of hadronic collisions depend only on the right-moving 
initial colliding particle and not on what it collided with. To see how this 
assumption is used see Bl, and J. Benecke et al. Phys. Rev. 188 2159 (1969). 
The physical assumption Bl that we make later says specifically that there is 
no such long range effect. 

A7. Continuity demands, since the wees are adjacent to the sea (plateau 


region) that we also have that the sea (e.g. mean numbers and correlations of 


partons) ig the game for all hadrons. 


A8. The probability there are no partons in a sufficiently large gap of 
rapidity Ay (see A5) goes as eY where y depends on the quantum numbers 


(angular momentum, isospin, strangeness) carried by the gap. E.g. suppose we 
have a proton state and we ask for certain partons a,b,c, for y > Yı and others 


below Y2 


st <— dy > abc 
¥2 7 

Perhaps their strangeness is + 1, the entire proton has S = 0 so there is a 
contribution S = - 1 across the gap. It is evident that this "quantum numbers 
carried across the gap" defined as the quantuti numbers of the state minus 
those to the right of the gap (a,b,c) is just the sum of those to the left 
(s,t). This more complicated method of expression is an anticipation of the 
same idea for distributions when two hadrons are colliding. Then it is the 
quantum numbers of the hadron moving to the right minus the total quantum 
numbers of the partons to the right of the gap. 

Assumption A8 is not stated clearly. We have to say how the gap dy is 
changed. It is used in two cases: 1) Region a,b,c and s,t are both stated 
completely and the gap widens simply because P increases; hence ôy = &£n2P and 
the amplitude falls as P`. This was used in analyzing the proton form factor 
in lecture 29, for example. 2) The gap is in a plateau. On one side or both 
there is a large stretch of plateau. Here a,b,c is fixed and s,t etc., is 


anything at all over a wide range of y up to the other boundary (order 2£n2P 
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away) Ay is kept fixed as %£n2P rises. Probability goes as (x, /x,) where 


Xs X, are the x values at each end of the gap (used for asymptotic behavior 
of deep inelastic scattering near x = 1). 
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Hadron-hadron collisions at extreme energies 

Although our subject is photon-hadron interactions we shall review the 
assumptions made in describing hadron-hadron collisions A + B at extreme 
energies. We first leave out elastic scattering and diffraction dissociation 
and aim toward the large part of the cross section where several particles are 
emittedA+B+C+D+E+---. 

For a hard collision suppose the momenta of A, B are Py P, respectively 


B 


in the z direction - for example take center of mass PA 


B 
finite z-velocity v transformation from this Pi = fP, Pa = Łe with f = Va-v)/ (1+) ) 


We only work with PaoPa or P > œ, 


= P =P, (ror a 


The asymptotically incoming wave function will be, of course, (i.e. 
before "interaction"), some kind of product wave function of A of momentum PA 
to right and B of momentum Pa to left. Technical problems arise here. In field 
theory this cannot simply be a product of the wave functions of each particle 
that we have been describing for that is not unique (for example suppose A 
contains a Fermion parton at momentum p, and B also contains one of the same 
kind at the same momentum,but there cannot be two in the field as they are 


* 
Fermions). Thus if A is represented as a creation operator Fa on the vacuum, 
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k * 
LN = F,|VAC> which creates all our partons, and B by Fa we can define the 


incoming asymptotic wave function as 
F*F*|VA > 
Bal VAC 
k k 
There is some trouble in the wee region where FaFa do not commute (note 


* * 
that no creation operators for fast partons p ~ xP, appear both in Fy and FR 


because A and B are moving in opposite directions). Actually this is only 
technical because we only want the state after the interaction. The problem 
would arise only if we were quantitatively calculating the interactions; but 
now we wish to talk about how the wave function looks after interaction hence 
say after "interaction plus correction for overlap in defining the initial 
state", The overlap affects only the wees, but we shall assume the interaction 
affects only the wees also. (By interaction we mean the effects of the fact 
that although FA |VAC> and FA | VAC> are both eigenfunctions of H|y> = E|y>, 
k k 

F,F,|VAC> is not.) 

Following we state the assumptions we shall make regarding the interacting 
wavefunction. 

Bl. Partons interact only if their relative four-momentum is finite, 
assuming they have some finite mass of order 1 GeV. This is equivalent to 
the statement, if y = £n( p, #1 + P,) (in GeV) (so y for negative P3 is just 
-y for positive P,) that partons 1, 2 interact only if their relative y value 
X378 of order one or smaller. 

(I use 1 GeV for the general energy values at which interactions fall 
off etc. I suspect in several applications even a smaller value (e.g. P 
average) may be correct, although possibly larger in some circumstances - 


it of course cannot be defined precisely without a quantitative theory.) 


We use this assumption to get at the wave function (in terms of parton 
distributions) for the outgoing final state after interaction. The distri- 
bution in y of partons for the in states A and B have ranges of y small to 
an2P, and - {n2P, to small respectively. We put them together smearing things 
(effect of interaction) over a range Ay = 1, This smearing near y = 0 joins 


the positive and negative y regions (from A and B respectively). Since these 


regions were the same for both A, B (see A7) this can be done most simply by 
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just extending the common plateau region from one to the other. The exact 


position of the CM leaves no trace then. We assume this as a general principle. 


B2. In a hard hadron-hadron collision there are no special effects that 
distinguish particles having finite momenta in the exact center of mass. 


Longitudinal transformations with a velocity v not too close to c leave the 
distributions of such particles essentially unchanged. (Assumption due to 
C.N. Yang.) 


In our application the particles are partons, the transformation alters 


l+v 


Ww (a finite amount) and the 


the position of the origin of y by inf = Ł gn 
assumption says the distribution should look the same. Hence the smearing 


just has the effect of extending the plateau region of A smoothly back into B. 


plateau 


characteristic 
of A 


universal ana 


characteristic plateau 


of B 


B in 


an2P, 
FINAL STATE 


plateau 


characteristic 
of B 


characteristic 
of A 


—_———______ = M 
tn (4P P,) gns 


We might ask if the smearing of Ay = 1 changes the distribution of partons 

for y near £n2P where they were determined entirely by A. (This region is 
called the A fragmentation region, near ~£n2P, the B fragmentation region.) 
But near A the distribution already satisfies (in the sense that a liquid 
surface is nearly independent of what goes on deep below if forces extend 
over finite distances) the wave equation, so we assume it is not changed. 
Therefore we imagine that the final real hadron particles come from the 


disintegration of an "original" parton state which has the following properties. 


B3. The parton state appropriate to a fast hadron collision of A and B 
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is one whose density matrix looks like that for the A in the A single particle 
fragmentation region (y near An2P,, or better if x = p/P, for x > 0), like 

B alone in the B fragmentation region (y near -4n2|P l i.e. for x< 0) and like 
the universal plateau region in regions in between dx] small and wee). 


Thus thís is completely described in terms of the wave functions for 
single particles described in assumptions Al to A8. We emphasize again that 
our assumptions are not independent ,for example,for B3 to work the plateaus from 
each particle must be the same as A7 says. We are not trying to develop a 
logical system of assumptions, but juat state a number of mutually consistent 
(or possibly inconsistent - see quark assumptions later on) ideas. 

The picture we are developing in B3 is a wave function like a liquid in 
the variable y with surfaces A, B at which the distributions are unique but 
an interior plateau or sea region which separates them. They can be well 
separated by taking P large enough, for they are separated by &£n2P - which 
is universal. Further the relations or correlations from one place in y 
to another have a finite y range of order one - so the general behavior in 
this sea is like a Markov chain - with enough separation in y things become 
uncorrelated. Many obvious properties expected for such a chain can be 
expected here but they will not be all explicitly stated (for example, the 
probability that there will be no parton at all of a given type in a range 
Ay goes as exp(-Cay) for some C for large enough Ay, etc.) 

The word "appropriate" in defining the wave function is purposely vague 
for I am not sure whether I am describing the final outgoing wave function 
after interaction when all the particles are separating or one in between the 
initial and final. I have not clearly resolved my confusion on this matter - 
but as I onlyuse the function qualitatively in a manner described in the next 


lecture I have not had to clarify it. 


Technical Footnote on the small momentum region in Assumptions B2 and B3 
y near 2 


On drawing the y plots to describe the parton wave function of assumptions 
B2 and B3 we assumed the wee region near y = 0 where A, B interact,as being 
completely healed over and just a smooth continuation of a plateau through 


y = 0. This is physically what I want and leads to C2(next lecture) with 
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uniformity in the y defined there for physical particles and in accordance 

with invariance under finite velocity transformations which applies to particles. 
But technically the curve in the y space y = &n (p + P) for partons 

might show a bump near y = 0, a bump which moves when we make a finite 

Lorentz transformation, which is fine since wave functions need not be relativistic 
invariants (I thank F. Merritt for pointing this out). But it must be a bump 

so constructed to have no physical effect as a bump in the final real hadron 
distribution C2. It is a "theoretical artifact" due to carelessness in finding 
the right normalization and definition of variables for the wave function. The 
result cannot really be smooth in the scale of y = in (pa y) for if so it 
would not be smooth (near y = 0) if I had arbitrarily chosen to use 


"mg 2 ' 
y n \\pP, +1/4 +P, for dy/dy' is not constant. 


Lecture 53 
Hadron-hadron collisions at extreme energies (continued) 

We now go on to describe what the products might look like in hadronic 
collisions (still leaving out diffraction dissociation). We have, of course, 
no quantitative way to get from the wave function described in partons to the 
wave function described in outgoing real hadrons. But we shall simply assume 
that in y space the relation of parton + hadrons is much like the relation 
hadrons + partons described in A. Later on we shall have to describe the 
products expected from states which unlike that in B3, have gaps in them, for 
example, a state with just two partons at opposite ends of the y scale, 
separated by 2P. We assume (the "complement" of B3): 

Cl. The hadrons which would result from the disintegration of a state 
whose initial wavefunction consists of one parton a(or a few) going to the right 
at_y, and one b parton going to the left at y, separated by a large gap 
Jap = £n2P consists of hadrons of finite transverse momenta in three regions. 
There are hadrons going to the right with y near Ya depending on the character 
of a; there are hadrons going to the left with y near Yp characterized by 
parton b and those in between distributed in a universal uniform plateau - 


242 Photon-Hadron Interactions 


like sea which is the “universal sea of hadrons corresponding to a parton 
gap". 


erent partons 


It has been proposed that this "sea corresponding to a parton gap" be 


itself a gap. This will not be inconsistent with what we will say next (C2), 
and which we use in hadron collisions. But it does not seem reasonable by 
itself to me if hadrons make a universal sea as B2 supposes - for I think that 
means that if there were any distribution of two lumps of hadrons with a gap 
between, they would make a sea of partons, so if there is no sea of partons 
there is no separated lumps of hadrons, but there must be a hadron sea. At 
any rate it is my strong belief that there is in fact such a sea in this case 
and not a gap in hadron momenta corresponding to the gap in parton momenta. 

As A. Cisneros points out the two outgoing lumps carrying opposite 
hadronic quantum numbers (in the case ete” + hadrons) would generate a dipole 
strong current which would tend to radiate softer hadrons into low x. To pre- 
vent this radiation becomes increasingly more difficult as the energy increases, 
(as for two-body exchange reactions). Any exclusive two-lump probability will 
fall as a power of energy relative to the total inclusive reaction in which the 
radiation, generating an intermediate plateau, is permitted. 

Now for a wave function as in B3 we can imagine the various partons 
disintegrating more or less like in Cl but not really independently, those at 
the ends of the y range determine the hadrons there, and those in the center 
affecting the hadrons in the center, but in a universal manner independent of 
y in this region. Thus we again get a hadron distribution like that in Cl 
with three regions, but the plateau may be a new and different distribution 
but a sea nevertheless. (Whether the two plateau regions, the one in Cl 
corresponding to an initial parton gap, and this one for wave function B3, 
are the same or not is a difficult problem I have not yet been able to decide, 
We shall call the assumption that they are equal C6, see lecture 55.) This 
assumption can be made by just repeating the wording of Cl just changing the 


name of the sea, or it can be put in another totally equivalent way. 
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Remark: There is a possible confusion here between the "initial" wave 
function of Cl and the "appropriate" wave function of B3. Cl in ete 
collisions is just after the interaction with the photons - the parton 

pair is just created. There still remains time for interactions (via terms 
like a ata in the Hamiltonian) to act before we reach the parton representation 
of the "final" initial state - i.e. before we reach the "appropriate" wave 
function in the sense of B3. This interaction converts the initial fast 
parton into two or more, and these again are broken up etc., in a cascade 
fashion making profound changes, for example by filling in the gap in the 

low P, region and creating some sort of parton plateau in the final outgoing 
state "appropriate" to the initial state Cl. 

The reason no such extensive modification is made in going from the 
initial state in a hadron collision to the final appropriate state B3 is this. 
The distribution of the fast (non-wee) partons in the initial state already 
satisfies Hy = Ey so little disturbance is worked there by the Hamiltonian. 
Only in the mutually overlapping wee regions does the further action of H 
modify things (to smooth out the plateau). 


C2. The distribution of final state hadrons at each y resulting from a 


arton distribution like B3 depends on the nature of the parton distribution 


within a finite range in y of y. 


This is true not because distant partons have no effect, but rather because 
they have a universal effect. Here (and in Cl) y can be more precisely defined 
for the hadrons are on their mass shell and have a definite mass. We take 


y= £n (E+p,) = in (Ve, ,) say in GeV (change of scale means just a 


change in origin of y)? 
c3. Putting this all together it means that in a hadron collision A + B + 


anything in the CM system plotting x = P /P for x negative the distribution of products 
a_l IUM 


depends only on x and B, for x positive only on x and A as P > œ; and in 


the small +x region the distribution becomes universal varying like dx/|x| 


and more generally continuing across the wee region like d zE 


The idea that the right movers depend only on A and the left movers 
only like B is called limiting (i.e. as P + ~) fragmentation. It was 
suggested by C.N. Yang et al, Phys. Rev. 188 2159 (1969) but at the time it 


was supposed these regions separated and had no communication, but in fact 
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there is a sea between. This sea, however, we suppose is universal and 
(although it logically could) we assume it carries no information from the 
right to left region. 

We have omitted the diffraction dissociation but it is evident that if 
it is added in a definite percentage to the inelastic will not change our 
conclusion. However, the fraction that elastic scattering is of the total 
cross section does not seem to be universal (for example, for pp at large P 
Tet ftot ~ .25 whereas for r p it is closer to .17, see G. Giacomelli in 

Proceedings Amsterdam Conference on Elementary Particles, North Holland 

Press (1971)). Thus limiting fragmentation cannot be absolutely exact. It 

is probably generally nearly correct; perhaps in a future more exact under- 
standing it will be true for parts of the collision characterized by some 

other parameter (e.g. impact parameter) but when integrated over this parameter 
it is no longer exact for different cases give various different relative 
weights to the various values of the parameter. Nevertheless even with this 
evidence against its perfect universal validity we continue to analyze in a 
naive and simple way leaving refinements to some future date. 

There are a number of additional conclusions made by assuming the 
Markovian idea and extending our ideas such as about gaps A8 from parton 
to hadron wave functions. We shall not discuss them in detail for hadron 


collisions is not our main subject but give some examples. We assume, 


analogously to A8 that 


C4. The probability there are no hadrons in a sufficiently large gap of 


rapidity Ay goes as e724 where a depends on the quantum numbers carried by 


the gap (right going particle quantum numbers of A minus quantum numbers of 
all hadrons to the right of the gap). For example, for the exclusive collision 
A+B > C+D so the outgoing state is pure C to right, D to left, the gap is 

: = Š -aby > -a „7a 

:2|P,|+en2|P,| an4 |P Pal tns and e (4P Pa) s © where a depends 
on the quantum numbers of A-C. Looked at from a Regge point of view this 


should go as a2 (1-a) 


whose a depends on the quantum numbers exchanged in the 
t channel, which is the same as A-C. Thus a is identified with 2(l-a) (or 
whatever the correct power law of energy fall-off turns out to be) and we make 


a contact with the theory of exclusive reactions. (The same goes if C is 
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two particles like 7 + p of fixed total mass” not necessarily at resonance. 
I do not know of examples off resonance where this power law has been checked - 
again we see the universal principle that going to higher energy does not lift 
a resonance ever higher against "non-resonant" background - the latter can 
always also be thought of as tails of other resonances.) 

Again applying this to the case that C only is near the end of its range, 
so x, is nearly 1 but D is anything, even many particles, we see we are 


~ain(1-x_) z ax)’. 


generating a gap of tn (1-x,) and the amplitude goes as e 
The distribution of Xo is then d(1-x )? = a(l-x )°lax with a = 2-2a. 

This result, though "legally" true as P > œ, ko” l is in practical cases 
nearly unobservable. For example suppose C is a proton produced in a p+p 
collision. Protons also come from diffraction dissociation of a resonance of 
of mass Mp say going to proton W and pion. This spills protons over a range 
from x = (E,-Pp)/MR to x = Epp /MR (as P > œ), where Ep’ Pp are the energy 
and momentum of the proton in the rest frame of the resonance. Although the 
latter is less than one, there is a very small gap (of range .98 to 1 for 
M = 2.16) free of diffraction generated protons it is too small to isolate 
experimentally. If a gross plot is made for Xo not sufficiently near 1 
various numbers of dissociation protons are included and the variation of 


1-20 


numbers appears far from (1-x,) dx, - This difficulty does not arise for 


pions when the incident particle is a proton. 


Lecture 54 

Hi Energy hadron-hadron collisions (continued) 

I should like to make a few comments about our "conclusion" from C2. 
First since the mean number of particles goes as dx/x in the small region and 
continues across x = 0 as dp/e it is evident that the total number of particles 
of a given kind (the multiplicity for that kind) rises logarithmically with 
£nP or with £ns. This is also obvious in the area of the y plot where the 
plateau expands logarithmically with s. But the plateau region is (statistically) 
neutral, its average for any additive quantum number such as charge, third 


component of isospin, baryon number, hypercharge, z component of angular 


246 Photon-Hadron Interactions 


momentum etc., must be zero (because if not dx/x would give a £ns dependent 
value for one of these fixed conserved quantum numbers). We expect this from 
the cascade idea of how the plateau is formed. Thus such integrals as 


J dx [Number of nt at x - Number of n at x] converge to numbers which are 
0 
characteristic of the particle A (initially moving to the right) independent 


of P as P +œ, Independently corresponding "left numbers" like the same 
integral for x = -l1 to 0 can be defined, which should depend on B. 

In particular then we can define definite quantum numbers (for the 
additive quantum numbers) for the right-moving particles, by simply adding 
the total number for all for which x > 0 (i.e. P, > 0) in the CM system. 
This number will vary from event to event, of course, but we want the statistical 
expected mean over many events, This "mean right quantum number" will approach 
a constant as s + », Thus we can talk of the "right mean 3-isospin" or the 
"right mean strangeness". It is evident that these mean right quantum numbers 
must, under the ideas of C2, be the same as those of the incoming right-moving 


particle. The plateau region does not let any quantum numbers slip through it. 


(If for example we take a symmetric collision A + A then by overall quantum 
number conservation and symmetry the right quantum numbers (and the left) 
must be that of A. But by limiting fragmentation replacing the left A by B 
to make A + B does not change the distribution of right movers hence they 
still carry the quantum numbers of A.) 

Thus interestingly as P + æ the right-moving particles in the mean carry 
the energy, the momentum (minus a constant), the 3 isospin, strangeness, baryon 


number, z angular momentum, etc., of the incoming right mover. 


NOTE: We show that, disregarding quantities of order 1/P, the difference of 
total energy E and total momentum P of the particles moving to the right is a 
constant D = Ee, - Poy (independent of P as P + © and in fact if the plateau 


is universal, the same constant D for every particle A). For finite x (say 


| 2 2 a 
positive) the difference from one hadronic particle is € - p= Pex +p, a - Px 2 


(p 2 a?) /2Px (m is the mass of the hadron) which is of order 1/P and therefore 
1 
negligible. The main contribution comes from x near zero where the distribution 


of a particular type is cdp/e, hence the contribution to € - p of these is 
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c f (e-p) dp /e with € = (e 240". The integral gives c p +m, so D 


p,70 
is the sum of c Vp +a" over the transverse momenta and the types of hadrons 
in the plateau. If the plateaus are universal, the constant D is universal 
and may be easily calculated in terms of already measured quantities. 

Thus in a collision of A and B each particle is converted into a train of 
particles moving in its own direction. The "train A" has the quantum numbers 
of the particle A and its energy (by the conservation of energy) but has lost 
a certain momentum D in the interaction, it is held back a bit by the inter- 
action, A and B each lose D to the other. (Such a finite momentum transfer 


is, of course, consistent and understandable if only wees interact in the 


collision.) 


(For the wave function of a single hadron described in assumptions 
A2 to A6, the total momentum of the partons is, of course P, the total momentum 
of the state, but the total energy te, = F yey tm +p,” is not the total 
energy E * P because of interaction energy which compensates the expected 
finite excess of te, above Ipaq) 

As a first step to describe these things formally, we are trying to 
describe the state 


JA B 


in right’ in left? 

(where "in right" means having very large positive longitudinal momentun P, 
and "in left" means -P) in terms of outgoing hadron states - an element of 
the s matrix. Of course the most likely thing is that the two particles 


do not collide, making simply |A We wish to deal with 


out right’ Bout left?’ 
the wave functions if they collide, so we write as usual S = 1 + iT and we 
are speaking of the T matrix. We shall not normalize it correctly, but just 
outline our ideas. Formally this wave function can be given in terms of the 
amplitude to find various outgoing hadrons. If Ea is the (formal) operator 
to represent the creation of some kind of a hadron (kind, transverse momentum 
P>» and longitudinal momentum p are indices of c") we can represent such 
states by X| VAC> where X is some operator function of the PA We have been 


discussing how X looks. Let M be an operator to create a plateau - say a 


typical universal plateau for some range of x around 0 - say x = -.2 to +.2 
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[the exact way the plateau of M cuts off for finite x is arbitrary; its 
choice affects the definition of ch ck defined later, but the final operator 
X is not dependent on this}. Next we write X as oak where ck is to modify 
the sea on the right (for x > 0. It involves creation operators = to add 
particles to (and beyond) the plateau operator M, and annihillation operators 
c to take particles out (which were put in by our arbitrary choice of how the 
plateau M is defined) but all these for x > 0 (that is the meaning of the R). 
Likewise ch is an operator function of es c only for x < 0. The operators 
ch ck commute since they contain operators of different particles (some signs 
must be adjusted for Fermi particles). Thus we write 


R 
B cron VAC> (54.1) 


lAn R’ in Lv 


R,L 
= Cs |M-plateau> 


R 
Z 


on the particle A, etc. If you want things to look even nicer write the left 


where we have written |M-plateau> = M| VAC>. The operator G, depends only 
k 
side in terms of operators too, say d which create incoming particles, and 
then have 
R L R, L 
Td, dg | VAC> G,G3/M-plateau> 


k 


Thus the operator aÈ is equivalent (in this two-body equation at least) to 
x 


A 


cR, but in an odd representation in which a acts on the vacuum and cr on 
the M-plateau state. 

A research problem which is very important, and virtually unknown 
theoretically, is (the very rare) collisions at extreme energy in which the 
particles come out at large relative momenta to the original direction. For 
example, proton-proton elastic scattering at finite angle, e.g. 90°, where t 
is the same order as s as s + ©, What kind of physical view accounts for these 
collisions, I shall not discuss ideas which have been tried here, for our 
subject is photons, but shall only comment that nothing is clearly understood 
and you can start from scratch on your own. (For example will assumption Bl 
have to be abandoned or quantified?) (You start by looking first roughly at 
the experimental results to remember qualitative salient features that might 


need explanation.) 


Comments: By assuming that the wee region is the same for each hadron and that 
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only wees interact have we not assumed that all total cross sections Cop or o 
etc. are equal, clearly contrary to fact? I have not thought this out clearly 
but have always supposed that the part of the wave function which does inter- 
act (which is always infinitesimal compared to the part where they go past 
each other without interacting) could still have some normalization related 

to the total cross section for that particular collision without being in- 
consistent with other ideas. In the formal expression above, for example, 


each G, could carry a numerical coefficient 84 Proper to A. This would make 


A 
total cross sections proportional to BOA or as is said, factorizable. It 

may be that the previous assumptions do not imply that the total cross sections 
are necessarily equal, but rather perhaps that they are factorizable. It would 


imply for example, that o fir etc. We do not have any evidence on 


™ pp yout 
whether this is true. 

In these studies we have made no remarks which permit us to understand 
transverse momentum behavior (except to say that transverse momenta in hadronic 
collisions are limited, a result taken directly from experiment). Obviously 
lots of interesting theoretical questions remain, such as what function is the 
transverse momentum distribution, how does it differ for various values of x, 
or for m's and K's? How should exclusive cross sections vary with t, etc.? 


This entire realm of phenomena has been left out of our analysis, an excellent 


future opportunity for advance lies here. 


Final Hadronic States in Deep Inelastic Scattering 


Lecture 55 
Interaction of partons with the electromagnetic field 

We assume that in the original field Hamiltonian describing hadrons in 
terms of partons there are terms giving the coupling of partons with the 
vector potential of the quantum electromagnetic field. We shall assume in 
the spirit of minimum electromagnetic coupling that they couple in the simplest 
way expected from the propagation operators via gauge invariance. That is we 
assume: 

Dl. The coupling of partons to the electromagnetic field is the ideal 
minimum coupling operator. That is also the coupling that would be valid if 
they were ideal free particles. 

This coupling is not unique if the partons are spin 1 or higher, but 
for the present this will not concern us for we shall suppose partons are 
either spin 0 or spin 1/2. Although we are in danger of not having the most 
general case we shall nevertheless explicitly next take the working hypothesis 
(suggested, of course, as we have discussed by experiment on WW, and W and 


not a priori by theory) that 


D2. All the charged partons are of spin 1/2 and hence couple through 


the current operator eau where ea is the parton charge (a is an index for 
the kind of parton). 
250 
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We have seen how the assumptions Al-A8 plus these two Dl and D2 lead to 
the scaling expectations for the deep inelastic scattering (lecture 27) and 
there is no reason to repeat all that here again. However, here we shall 
discuss what we can say about the products in photon collisions, in particular 
we begin with the deep inelastic ep scattering region a = -2Mvx, Mv = P+q 
(P is the momentum of the proton, q that of the virtual photon) so v = virtual 
photon energy in laboratory (proton at rest) system, Let us use the coordinate 
system with the virtual photon purely spacelike 4" (0, -2Px,0,0) ia (P,P,0,0) 

2 2.2 


q = 4P x, 2 Mv = 4px. Then as a result of our awsumptions the parton wave 


function before and after the collisions looks like: 


Before 72Px 


Immediately 
After Px 
Coupling 


That is, one parton (say type a) moving to the left, the remaining partons 
moving to right just as in original proton, less the individual parton a of 
momentum x. The relative probability of this picture is en (x) where ny) 
ie the number of partons of type a with p,/P = x in the original proton state. 
Then: the hadron products in deep inelastic region are those expected from 


the parton distribution just described, The total cross section in this scale 
is proportional to = e n, (x) so the density matrix per collision is a super- 
a 


position of cases of different types a of partons with weights, Wy depending 
on the character of the collision through x; w = e n (x) /E ep ng); 
the sum of the weights being 1. i 

One obvious consequence of this and our other assumptions is that in this 
system the transverse momenta will be limited and (for fixed x as we vary P, 
or if you like v). 

The longitudinal momenta will scale as P, i.e. if they are stated in 
units of P as say nP the distributions will be independent of P as P > œ 
(depend only on n). 

We expect also near n equal zero to find a dn/n behavior. For positive 
n (night movers) we expect it behaves like the universal M-plateau characteristic 
of a wave function like B3, which we know from hadron collisions. For negative 


n we are in the "plateau region of initial parton gap" (defined in connection 
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with Cl). We have not assumed these two plateaus are the same so the coefficient 
of dn/n need not be the same. If they are not we shall have trouble defining 
what happens in the transition region - it cannot go simply as dp /e for that 
leads to the same coefficient for plus and minus n. We see however that this 
question is to some extent an artifact of our particular choice of coordinate 
system. Note that the state described here as "immediately after coupling" is 
an initial parton state (in the sense discussed in the remark following the 
discussion on Cl) - there still must be interactions from the Hamiltonian 
before it becomes the "appropriate" outgoing wave function. This will produce 
cascading of the left-moving parton into the gap smearing the wee region into 
negative n and making large readjustments for the right-moving system also 
(because, for finite x; they are no longer the correct solution of Hy = Ey 
since one parton is missing). 

This all appears quite complicated and it is difficult to make firm pre- 
dictions. However, we might continue to assume interactions are each limited 
in range on a rapidity plot - although there are many of them possible filling 
in gaps, etc. But we shall try to adhere to the principle at least that the 
parton moving to the left determines the final hadrons to the left and like- 
wise for the right. We put this idea formally into the following assumption, 

a generalization of Cl, C2 (we write it independently, for it may not be true 


while the special case Cl or C2 may be). 


C5. In the center of mass system (or one moving longitudinally at any 


velocity not near c) an initial state consisting of any distribution of 


partons to the right and other partons to the left yields in the final state 
a distribution of hadrons such that those hadrons moving to the right are 
entirely characterized by the initial partons moving to the right, and does not 
depend on those initial partons moving to the left. (Likewise, exchanging 
left and right.) 

Assumption C5, if it were right and this continuity in dP fe, would 
seem to suggest that both plateaus fit together. I am not sure of myself 
here but shall put it down as an explicit assumption which would, if it is 
true, remove all our difficulties - the dn/n region is always universal, 


that of hadron-hadron collisions. 
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C6. The distribution of hadrons in the plateau region is the same far 
every initial parton distribution, This assumption is at present, very weakly 
based and may easily be wrong - it is an interesting conjecture. 

We now make a more detailed discussion of our expectations for the left- 
moving particles, (I have profited greatly from conversations with A. Cisneros 
on these matters.) For these particles a variable more convenient than n (which 
goes down to -x) is z = - n/x = -p,/Px = P-p/P+q the fraction that the left- 
moving particle's momentum is of the total left-moving momentum. Since this 
is z = P.p/P-q it is the energy of the particle in terms of the energy v of 
the photon in the laboratory system. It is the proper variable for seeing 
how the virtual photon fragments. Of course as v +œ, x fixed the distributions 
in z scale as we have said. 

If we could be sure that only a parton of type a came out (which by the 
way, can be much more nearly done for neutrino scattering - in the quark model, 
neutrino scattering can lead to unique quarks to the left) the distribution 
to the left would be unique - say D(z). The number of 1's with a given z is 
a function of z only D7 (z), the probability of nm, K at 2122 depends on 
2Zj»% as De (2,425) - and these functions do in no way depend on x. They do not 
depend on x because the hadrons to the left depend only on the parton to the 
left (a) and the adjacent wees from the hadron (if at all) - and these 
latter are universal and unaffected by the removal of the parton at x from 
the proton. The latter does not affect left-moving hadrons for its relative 
momentum to left-moving hadrons is not finite but grows as P + œ. 

The actual distribution seen at a given x will depend on x because the 
relative probabilities of producing different kinds of partons a will depend 
on x. The actual distributions D(x,z) will be the weighted average for each 
parton 


D(x,z) = DAAG) D (2) (55.1) 


where the weights w) proportional here to en (x) are defined by 


w Ox) =- en (x)/ D eg ng 
B 


These functions Dy (2) or equivalently their creation operator DÈ on 


M-plateau (if C6) isolates something characteristic of partons and, if our 
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assumptions are all correct, therefore very fundamental indeed. We shall 
discuss later a specific parton model (quarks) as well as some practical 
questions about the possible extraction of the isolated D, (2) from experiment, 
as well as the possibilities of finding the wx) by special guesses about how 
D(z) may behave. To me the possibility of special functions characteristic 
of each kind of parton is a very interesting possibility, and one that could 
be an entrance to a path into the heart of the mechanisms of strong inter- 
actions. 

These same functions D (2) will appear in certain other experiments - for 
example, of course, in deep neutrino proton + u + products experiments. The 
analysis is nearly the same as here except that the fundamental coupling may 
be different so although n(x) are the same the weights wi come out differently. 

Again in the ete” collision the assumption D2 says our initial state 
is just a pair, parton a and antiparton a with weight Et, Thus, assuming 
C6 the final state would be z e, we De + of DÉ) |M-plateau> again producing 
hadrons in any one direction characterized by the distribution 


` e? D, (2) 


a 


where we sum an a over partons and antipartons. 

If, for example, in some experiment we could be sure that a certain 
parton a came out to the left say, then as we have seen we would expect that 
the total "left-moving quantum number" (the sum, for some additive quantum 
number of that number for all hadrons moving to the left averaged over all 
events) would be that of the parton a. Thus in principle we could define 
or determine in terms of experiment the quantum numbers of the partons. If 
the state is not pure we shall have to know something of the weights wi) to 
make this useful - but there are so many different kinds of experiments 
possible that in principle the wy Oo) can be determined as well as the overall 
quantum numbers of the partons. 

The particles to the right under deep inelastic e-p scattering come from 
fragmentation of a proton with one a parton of momentum fraction x removed, 


say Ee (z). They are evidently not very fundamental. But it is clear 


p-a,x) 
that the same kind of final state results (on both sides, left and right) in 


+ = 
Drell's experiment p + p+ wp + wu + any hadrons so the products in this 
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experiment can be entirely expressed in terms of these le a,x)? and hence 
Toy 

(supposing no) has been worked out) in terms of the products for deep 

ep scattering. We leave it for you to write the explicit relations and to 


suggest practical experiments to test your ideas. 


NOTE: Our final hadron state is according to our assumptions 
L LR 
2 w (x) DYE (p-a,x) (# plateau> 


where Dy is the operator for a left parton a, and et ) for the right- 


p-a,x 
moving fragments. But this can be considered as a mnemonic only for the 
expression is probably impossible for one operator M always. Because nothing 
would seem to prevent us from writing D! pple plateau> which would have total 
quantum numbers of two quarks (a + 8) which is impossible to write in terms 
of the hadron operators having only integral quantum numbers. (I am indebted 
to J. Mandula for pointing this out.) A valid mathematical representation 
for these ideas is an excellent problem. 

The reader should be warned that a number of these scaling predictions 
for special products of reactions may only hold at much higher energies than 
that at which scaling for the total cross section (ww, and W) sets in. 

This warning results from theoretical experience with a number of.examples 

of analogous theorems in non-relativistic quantum mechanis where the sum 
works well before the individual terms do. This is because if certain inter- 
actions are disregarded in working the total probability by assuming certain 
states only are "entered" subsequent interactions may not change the total 
probability the state was "entered" but may redistribute that probability 
over different final states than were expected. 

Special case of small x 

In the special case of small x the predictions are especially simple. 
First consider the right side (original proton). Here we have a parton dis- 
tribution just like that of a proton with only a very low x parton removed 


and the wees disturbed (by interaction with the plateau developing from the 


left). Thus all the partons ot any substantial x are exactly like that of 
a proton - and we can expect the same distribution of hadrons to come out 


(at least for z >> x) as do come out for a hadron collision of a proton, say 
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R 


i or Fp). Hence for x small E R 


R 
R F”, 
(p-a,x) p 
Next for small x all n(x) dx go as Cc, dx/x where Ca is a constant, so 
that wy Oo) = C/t Cs "Yq approaches a constant Ya independent of x for 


B 
small x. Next call DF the mixture Dr = by De of the distributions for each 
parton, each weighted with weight Yas Our hadron distribution becomes thus, 


for small x, nearly 
L R 
Dr F |M-plateau> 
That is, for small x the proton fragments into a form independent of x and 
the same as it does for a hadron collision. And the virtual photon also 
fragments in a universal way independent of x. Since we have assumed the low 


x region the same for all hadrons, the C. and y , and hence D, do not depend 
a a 


T 
on the particle struck by the photon (normalized to the total cross-section for 
collision, of course). A small x photon and a hadron behave just like the 
collision of two hadrons, each fragments in its own characteristic way. That 
of the photon is independent of x. 

Region of finite a. v> o 


For finite q, negative ae we can still use our system of coordinates in 


which q has only a space component Q. 


wan 


P 

except if Q= 0. It is clear here however that only x near zero can be 
affected by the photon Q; that is only the wees are effected. They are, 
however, affected in a very complicated way for interaction is important in 
the wee region. we cannot therefore predict what will happen there, but we 
can note (a) that it is the same for every hadron A, A + y > products for 
we have the same wees for every hadron according to A6, and (b) the frag- 
mentation of the finite x in the above system is characteristic of partons 
of system A only, for only the wees are effected by the photon. 

In consequence of (a) the products on the left which can be described 
in terms of z = Fe where P is the proton four-momentum, p is that of a 
product and q that of the photon, for finite z as v + œ, is some kind of a 


distribution DY q2 (2): The distribution clearly depends on a, the virtual 
a 
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mass of the photon, because the complicated interactions of the wees depend 

on this momentum. In the other direction (the variable (q:p/q:P) the proton 
fragments in the same way as it does for hadron collisions. These considera- 
tions hold for a” = 0 also, of course, but our coordinate system is inconvenient 
for such a case. 


We could also use the center of mass system for any finite a 


oon 

(P',P') (P',-P') 
Conservation of energy and momentum means the virtual photon (P' + ator finite) 
interacts only with the wee partons of the target proton (or hadron A). This 
interaction is complicated but produces the same distribution for any hadron 
for given a The hadron behaves as it always does where its wees are dis- 
turbed whether by another hadron or by a photon. Formally our final hadron 
state is 


L R 
Dy q2FalM-plateau> (55.2) 


Thus as far as high energy inelastic collisions are concerned the 
(virtual or real) photon acts just like a hadron inasmuch as it appears to 
have its own Ca dependent, or q0) fragmentation products, in its 
direction, the hadron fragmenting also in its characteristic way. 

This of course makes a nice union with the idea of vector meson dominance, 
that a free photon (q7=0) has a certain reasonable probability to be a virtual 
vector meson and as such would behave in hadron collisions like a hadron. We 
note now we shall not have to determine with what probability it looks like 
a hadron and how this varies with a”; for in any event it, as a whole, should 
act just like a hadron does in v + œ collisions. 

In the center of mass picture (and also in the spacelike q figure) there 
are terms of coupling in which the photon first divides into partons on the 
way in, for example one fast one slow, and these slow partons interact or 
annihilate with the wee partons of the hadron. Thus the picture that the 
incoming photon looks with some amplitude like partons itself is reinstated. 
As ae rises (and certainly where x = -q2/2Mv is finite) the contribution of 


such diagrams falls away and only the direct coupling term of photon scattering 
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a parton of the hadron remain important. 
Continuity of large re and small x region 

Finally we shall match our finite a region to our small x region. As 
we have done before we shall suppose when v is very large and “ar large but 
-a/v small the limit may be taken in either order - i.e., we can get the 
result either from our finite ia v > formula or from x finite, but small, 
v >œ fomula. 

Thus (55.1) must agree with (55.2) for large g. This is easily done, 


2 
the results agree if only we add the result: D for large q . That is: 


Yq 
The fragmentation products of a photon of large ae become independent of 


27D, 


A as q? rises. (We are in all cases normalizing to the total cross section 


2 
which is varying, as 1/q , of course.) 
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Lecture 56 
Partons as rks 

We could now go on to discuss various models of what quantum numbers 
partons carry, but we shall limit ourselves to one example, the one that is 
most interesting. The student should try other examples, such as the Sakata 
model, to see whether we can eliminate them by experiments now done, or proposed. 

We shall suppose the charged partons come in six varieties, three plus 
their antiparticles. The three called u,d,s carry the quantum numbers of the 
three quark states (of the low energy quark model). This we summarize by: 

El. The charged partons are quarks. Most of our previous assumptions 
were guided, or we thought they were guided by field theory or considerations 
based on high energy experiments. This, of course, is not, it is an inspired 
guess. But it is also contrary to what can be true if the field theory is too 
ordinary. For in such a theory there would be a base state of quark number 
one (and non-integral charge in a localized wave packet) and, in view of the 
conservation of quark number, some eigenstate of the system of quark number 
one is expected. In other words we expect to see real particles with quark 
quantum numbers. They have not been seen. It is possible to imagine that 


they have very large mass - but this makes it very hard to take all the 
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previous assumptions about all parton interactions limited to the GeV region, 
etc. There may be some way to reconcile all this - it is one of the most 
intriguing of theoretical problems. In order to emphasize it I will make 
another unnecessary assumption that I will not use but I add to remind you 
of the problem. 

E2. Physical quarks do not exist. If you prefer to replace it by 
“physical quarks have high mass", go ahead - you still have theoretical work 
to do reconciling it with El and the rest of our assumptions. Of course El 
may be wrong - one of the most important experimental jobs of the future is 
to find out whether El is indeed correct or impossible and so we should work 
out as many testable consequences of it as possible. So far we have, as 
discussed in lecture 32, come to the conclusion from experiment that in any 
case: 

E3. Neutral partons also exist. What they may be like we do not now 
know, except perhaps they may not be vector (because the w,p degeneracy is 
not lifted). 

Although the problem of reconciling El, E2 and field theory might be 
very difficult, it appears (at least at first sight) to be not at all difficult 
to reconcile El, E2 and the other assumptions we have explicitly made about 
parton and hadron distributions: 

A careful review of our assumptions shows this. There is possible doubt, 
as already mentioned, in Bl (interaction only between partons of small 
relative y) but this is only used to make the later assumptions more plausible 
and maybe replaced by these latter assumptions. 

A place where there is an especially interesting, but not inconsistent, 
conclusion is in connection with "right-moving quantum numbers" (discussed 
in lecture 54) for the parton function DÈ and which should now be non-integral. 
These numbers are defined statistically as the average over all events - 
although each event must give integral values the average, of course, need not 
be. For example if we know one quark (and no antiquark) is sent to the right, 
the mean number of baryon less antibaryons found on the right should (at 
extremely high energy, at least) be + 1/3. 

The arguments leading to this conclusion are not obviated by the fact 


that the partons do not have integral quantum numbers. Imagine for a very 


Partons as Quarks 


large 2nP that the quarks are distributed in the (final state) wave function 


in a long plateau: (the left end of the plateau is generated by a long chain 


k k 
of cascades via terms like a a a from the initial single quark) 


Then in turning into final hadrons various bundles of quarks go together to 
make legitimate hadron quantum numbers. In doing so they take combinations 
of quarks over a finite range of y as illustrated above. (The overall total 
triality must be zero, of course, for the initial state has zero triality; in 
our illustration the initial state has baryon number one.) We assume that 
there is some non-zero probability per dy to pick of 3 quarks (or 3 antiquarks) 
to make a baryon (or antibaryon). Likewise there should be a finite probability 
to pick up strange quarks. It is then seen that as a statistical matter with 
a sufficiently long plateau in y (sufficiently long Markovian chain) the quark 
number (and strangeness) becomes randomized and the central region of the 
plateau is neutral on the average in these variables. This means that the 
right and left mean quantum numbers of the final hadrons approach a constant 
that depends as we have supposed on the initial right or left quark character. 
It doesn't make any difference exactly where you cut the plateau in deciding 
which is right or which left, as long as you cut somewhere near the middle. 
This result is so interesting and its experimental verification would 
represent such a direct measure of the supposed non-integral quantum numbers 
of the parton quarks that we should say some words about its possible veri- 
fication. First in electron production in general we do not have a single 
type of quark thrown to the left so the beauty of the result would be confused 
by having to first know the w, GO by one method or another (see methods below). 
On the other hand for x near 1 we have been led by experiment (ratio of 
VWa to Wop? lecture 31) to suppose that only u quarks survive - hence if 
that is true, near x = 1 our left-moving quark may be a pure u quark. 
Another way to insure pure quarks is by neutrino scattering which we discuss 
below. 


Secondly, although it may be easy to form pions in the plateau region 
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it may be harder to form K's and still more difficult to form baryons (because 
of their masses?). If this is the case we should need a very long plateau 
indeed to get equilibrium in baryon number, although hyperon charge might be 
easier and isospin easiest of all. In the energy ranges available to experi- 
ment therefore I would expect the quantum number rules to work best for 
isospin, next for hypercharge, and baryon number last (i.e. requiring the 
largest energy). 

The easiest would be isospin. For example we would expect that the 


left-moving z isospin: E I Ny the sum of each product hadron moving to the 


zi 
left (for example in the system with 4, pure spacelike, or maybe the center of 


mass), will per collision, for a given x be given by 


Diy = [3 (} (u(x) - ace) “3 (5 (a(x) - 4(2))) 1°? (56.1) 


that is, it will rise from zero for small x (where u(x) = u(x) etc.), never 
rise above + 1/2 (or fall below - 1/2) and approach + 1/2 for x near 1 (where, 
we think u(x) dominates). 

This relation can serve as can a number of others of this type in one of 
two ways. In one case we might suppose u(x), u(x) etc., already known from 
some other method - such as neutrino scattering explained in lecture 33 - or 
analysis of p + p + ut u + anything, or by perhaps one of the equations developed 
further on. In that case (56.1) is a quantitative prediction to test the 
consistency of all the ideas that partons are quarks. Alternatively it can 
itself be used to give further information on the six separate functions 
u(x), u(x) etc., so that they may be separately determined. These could then 
be compared to the results of other methods of getting them, but do not serve 
directly as a check of the model. 

However, even without complete separation of all the functions a relation 
such as (55.1) may be used to check mie quark model because of the existence 


of sum rules (Equation 31.2) such as f (u(x) - u(x))dx = 2 f (d(x) - d(x))dx = 1 
0 0 


so the integral over x of the numerator of (56.1) should be 7/18. 
I do not know at this time which kind of experimental information will 
become available first and so my general discussion suffers from a confusion 


in analyzing these theoretical expectations as to which comes first the 
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horse or cart. There are a very large number of such relations whose 
organization is thereby made difficult. I will therefore merely indicate 
some of the general relations expected from our theory and leave the choice of 


the best way to use them or combine them to compare to experiment up to you. 


Lecture 57 
Partons as Quarks (continued) 

There is another way to insure that one gets a pure quark of one type 
recoiling in the final state, and that is with deep inelastic neutrino or 
antineutrino scattering, as we discussed in lecture 33. We assume of course, 
the usual Gs, weak coupling with the hadron part of the weak current given 


in terms of quarks as Cabibbo suggested. That is, we explicitly assume: 


E4. The weak interaction is via the current Qty, Qty) where Q is the 
Dirac operator for a u quark and Q' that for a "Cabibbo quark" - a quark 
~ 
which is d with amplitude cos@, and s with amplitude siné, (sint = 24). 


We shall assume for our discussion that the current interaction is 
point-like, but that is a matter for experiment to decide. This very 
interesting question is, however, beside the scope of our discussion; after 
it is determined the same kinds of questions and remarks will apply to 
products generated by the aforementioned current operator. In all cases 
we can analyze things as if they were the effect of a virtual W meson field 
v of momentum 4, (generated by the lepton) coupled with the current in E4. 
Just as before (Equation 33.2) the total square matrix element of Ji can 
be expressed in terms of Wo» W> W so the products, summed over spins and 
angles, at least, can also be so analyzed. That is the total W> Wos Ws can 
each be split into partial W> Wo» W, for special types of products. We 


3 


discuss only the scaling region. We have seen vw, is related to Wy and the 


relation should hold for products also. But more interesting we noticed 
£\?-£5P (just the scaled function 2MW, -2MW, for antineutrino scattering on 
protons) was just purely u(x). Hence the same holds for the products, ie., 
the probability of a product in Wy (determined as the appropriate coefficient 


in the variation of cross section with laboratory neutrino angle keeping q, v 


fixed) minus that in Wy for vp scattering are purely the products for a u quark 
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being knocked backwards (forwards is a proton less a d quark with probability 


cos 8% - the latter can in first approximation be neglected as sin“e is only 


(0 
-06). Thus by studying the products to the left in this combination we are 
studying the fragmentation products, D(z), expected of one single quark, a u 
quark in fact. 

By choosing other combinations we can select recoil quarks of different 
types. For example, ee for neutrinos on protons gives pure u quarks 
and should give various products with probability D- (z)u(x) 5 a fixed dis- 
tribution independent of x, the total cross section being u(x). Again 
£7P-£5P for neutrinos on protons gives nearly a pure d quark (cos”@, = .94 


d quark, sin’ 6 = .06 s quark). 


c 
From these distributions the total quantum numbers of the quarks can be 

determined. In this way alone certain models can be eliminated, but others 

can not. For example we cannot distinguish the quark model from the three- 

triplet model where there are 9 partons (and 9 antipartons) in sets of three. 

A, B, and C each set having three states like quarks with various integer 

quantum numbers. Thus what would come out in the experiment on £,-f3 for 

vp scattering, where we expect a pure u quark in the quark model, would, 

in the three-triplet model, be a + 1/2 isospin parton but either of type A or 

B or C with equal probability so the mean charge on other numbers can be 

1/3 integral and just equal to the u value, for that is how the integer charges 

for A, B, C were chosen. (Other experiments, such as eer > anything or 


correlations of left and right side disintegrations might distinguish these 


models.) 


Product predictions 


There are a large number of predictions implicit in the relation that 
the distribution of a given final hadron in the left (photon) direction (for 
convenience not normalized) is in general given for deep inelastic ep scattering 


by: (Equation 55.1) 
D(x,z) => 2,0, 00 D2) = 
= 5 u(y, (2) + $ u(x) D- (z) + 4 d(x)D (2) + > d(x) D3(z) + 


+3 s(x)D (z) + ; 3 (x) Dz(2) (57.1) 
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where D(z) etc., are the distributions of the product in question for pure 
up quarks, etc. There are six functions in general so it is difficult to 
analyze unless u(x) etc., were all already available. However, by taking 
certain combinations of measurements fewer functions are involved. We 
illustrate this with an example. 

Suppose we ask to produce a nud call the distribution oF Gen) and of e 
etc. By isospin reflection the probability au yields a at is the same as 
that a d produces a T 3 and by charge conjugation again the same as that au 


produces a n . In this way we see for n production there are really only 


three independent functions 


"t nt ™ Ca 
Do o= ge E 
rt i ™ Ca 
Dp os De = DE = De 
at nt g v 
D = DĂ = př =p (57.2) 
s s s s 


+ - 
In fact if we measure the number of 7 minus the number of mt ata 


given z it (Equation 57.1) all reduces to one function: 


+ = 
D” (x,z) - D” (x,z) = A(z) E (u(x) -u(x)) - z (400 -20)] (57.3) 
(for virtual y on proton) 


+ m 
where A(z) = Dn (x) - D (z). Thus we expect the distribution (probability 


as a function of z) to be the same for all x. As we vary x we can determine 

; (u(x)-u(x)) - $(d(x)-EGx)), within a constant. This is just as in 56.1, but 
we do not have to measure over all z to integrate, and measure other particles 
as well. A mere measurement of a and 1 at some convenient z would be enough. 
The absolute coefficient can be determined in two ways, either from the sum 
rules (Equations 31.2), or by the hypothesis that as x > 1 only u(x) survives 


as ; u(x) + £°? (x) a known function as x +1. Additional information would 


come from the same experiment on the neutron, of course, (we get z (d-d) + 
1 = 
g (u-u)). 

The sum of the number of nt and 1 does not give us much that is new 
about the distributions, but we can roughly predict its x dependence 


1+ T- T+ T- A 
D (x,z) +D (x,z)= (D, (z) + D; ong (u(x) + u(x)) + 
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T 
D 
1 - a 
+ 5 (d(x) + d(x)) + ; - — 5 — (s(x) + zo) (57.4) 
D” +p" 
u 
The expression in curly brackets is the same as £°P (x) except for the 
coefficient of the last term (which should be simply $ A 


is probably small (for not only should s,s be less than say u,u in a proton 


However, that term 


but also u is enhanced by z relative to D so the distribution of x plus 1 
is probably nearly independent of x, and if normalized to £P (x) depends on 
z only. 

Arturo Cisneros has suggested an hypothesis which we explain in more 
detail below, which amounts to assuming that near z = 1 the functions D, (2) 
fall off with various powers of (l-z) and in particular that as z + 1 the 
function o is much larger than of or o, This makes the coefficients 
of (57.3), (57.4) equal as z + 1. Thus it means that in this region the 
probability of finding a xt as we vary x is a direct measure of u(x) + d(x), 
and the probability of finding a n measures u(x) + d(x) in the same scale. 
This is still another suggestion of how the individual determination of the 
functions ny (x) may be facilitated. In fact, this hypothesis, if true, 
permits a determination of the six functions u(x), u(x) etc. (up to an 
overall numerical constant), by measuring the distribution functions for 
charged mesons only near z = 1, for both proton and neutron. If only the 
proton is used as a target the n, (0) cannot be determined without making 
measurements of neutral mesons which is difficult experimentally. 

We can do similar things for the production of other particles, for 


+ 
example K-mesons. Here there are six independent functions D (z), the 


others are obtained by isospin reflection or charge conjugation. (For example, 
o =O 


ial DS = Da =. oy - The student can verify that for v on protons 


if we measure particles at a given z to the left, if nt(z) is the number of 


xt etc., we find the following results: The isotopic spin difference depends 


on one function, with the same x dependent coefficient as before: 


NPN aN = i-on) ce) (5 uoi - 5 uwi), 


another combination (which does not require K° and K? to be distinguished) 


also factorizes into one function of x, one of z: 
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nt-n®-NO4N7 = (ot+0°s0%0" Jey h; (u(x)+u (x) - ; awo) : 


The sum of all four depends strictly on two functions of z: 


+ + 

+ o- +,.0,,0 4 - 1 = D+ 1l = 

NUENCHNO HN = b; +D,+P ir.) g (utu) + 5 (dtd) +, lf (sts) 
40040040 


but the last factor in curly brackets is likely to be close to £°P(x) for any z. 


Finally the fourth relation, involving two functions is 
ön- - = + 4\ 1 = 
NTHNO-N°-N™ = (of+09-02 -p°-p AE (u-u) + 5 (a-d) + (s-o) g (s(x)-5(x)) 
(a measure of hypercharge, but unequally sensitive to strange and non-strange 


quarks since we do not assume SU, invariance). 


3 
+ + 

Cisneros' assumption E6(below) here means that, as z + 1 only Da and D 
survive, call them 2,ß respectively. Then a measure of K mesons to the left 


as z > l is a direct measure of various combinations of the u,d functions. 


Number of Kt = au + Bs » Number of K? = ad + Bs 


Number of K = au + 8s » Number of K? = ad + 8s 


In this, as in all cases, data on vn gives additional information, change 
u(x) «+ d(x) and u(x) +> d(x) in the formulas. 
We have not discussed the right distributions, but there are relations 


here too for various experiments. We mention only one as an example. 


res ev? (x)-£5P = 


6(£°P(x) - £°"(x)) works for every x as a total cross section. We now 


Llewellyn Smith's sum rule (Equation 33.6) neglecting sin 


see that the objects produced at the right (in the hadron fragmentation 
region) are the same on both sides for the proton but not for the neutron - 
for the en experiment we must observe the isospin reflected products. If 
this is done, the relation holds for the partial cross sections for any 
products to the right if the left products are not observed. 

Finally to bring all the hypotheses we have made about partons together 
into one list we note finally our suggestion that the een eP rates strongly 
suggests that when a proton has a quark near x = 1 and a remainder of small 
momentum, that quark is a u quark. We try to generalize this to any baryon 


of the 56 multiplet in SU, language meaning our SU, only qualitatively, not 


6 
exactly quantitatively. 
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E5. The amplitude that a baryon of the fundamental 56 is a parton of 


x near 1 and a remainder of small x varies as (1-x)’, the lowest y occurs in 
ee a Ne oa eee oe 


the case that the parton is a quark, hence © in SU} (not an antiquark) and 
the remainder is ©) à the (3) and O) making the octet. 

A member of the decimet 4, has a smaller probability of having a quark 
near x = 1 than does the octet. We have already discussed the implications 
for total cross sections. It has implications for products also, of course. 

We also assume that if a state is a pure quark to the left it has an 
amplitude to be a baryon to the left with z nearly 1 which is proportional 
the the chance the baryon contains a fast quark near x = 1 of the same kind. 
There are then many implications for products - and we have mentioned some 
that come from u(x) being larger than all the others as x + 1. There are 
others, of another type, for example (Cisneros, private communication) in the 
ete” + hadrons since uu has four times the probability of dd the chance of 
producing a proton with x nearl(in the center of mass) and anything else is 
four times the probability of producing a neutron. 

If E5 is correct we should like to assume something analogous for the 
mesons. The analogous assumption is that when one quark takes most of the 
momentum it is of a type that the low energy quark model supposes the meson 


to be made of. We therefore (in agreement with Cisneros) assume: 


Eó. For mesons with one parton near x = 1 it is a quark G and the 


remainder is @ with spin 1/2, plus the charge conjugate with the same 
probability (for the charge conjugate it is ©) near x = 1 and the remainder 
is ©) . 
We have built a very tall house of cards making so many weakly-based 
conjectures one upon the other and a great deal may be wrong. (Probably 
the weakest is C6 - same plateau for gap and hadron - but if it were wrong it 
does not alter the thrust of any of the others - just in the operator expressions 
we shall have to be careful to use the right plateaus.) Nevertheless this is 
the best guess I can make now - and we can try to use them has working hypotheses. 
Probably the greatest challenge to experiment and theory is to get some 
evidence of quark quantum numbers in high-energy collisions. The low-energy 
quark model, good as it is, is not enough, there is always lingering doubt 


that the regularities observed have some entirely different basis or are, 
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in part, accidental. The establishment of evidence for the quark model 
(and we have indicated very many ways - both in the last few lectures as well 
as earlier -(Llewellyn Smith's sum rule (Equation 33.6), the spin sum rule 
for 81p-81n etc.) by high energy experiments would confirm at once the reality 
of the regularities interpreted by the low energy quark model. This would 
make firm a conjecture of deepest significance to understanding high energy 
physics - the importance of quark quantum numbers. 

Supposing for a moment this is done, thenthe next serious question will 
become theoretical - what exactly is the relation of the quark qualities at 


"model does not 


high energy and those at low energy. The"partons as quarks 
imply the low energy model (i.e. why are the wave functions not more complicated 
involving quark antiquark pairs) nor vice versa. At present their relation 
would not be understood. To start working on this now will take a little 
courage - you might waste your time - maybe partons as quarks will not be 
confirmed. If you do start, possibly one place to start might be to think 
about low energy matrix elements like 4 > p + y in a fast moving system in 
which all (or some) momenta are of the order P so parton wave functions can 
be used. (We have one relation of this kind in Bjorken's sum rule for g, 
Equation 33.16.) 

Finally it should be noted that even if our house of cards survives and 
proves to be right, we have not thereby proved the existence of partons. The 
final result of our considerations has been to describe the result of the 


operation of a current on a proton state J, /P? (for large v, dar = 2Mvx) as 


a linear combination of operators like DE" ep 3 x)Ml VAS, creating final out- 
“y 


going hadron states only. It might be wise to follow this out formally 
without mentioning partons (analogous to the way Gell-Mann and Fritzsch 
describe parton results for total inclusive cross sections in terms of 
commutation rules for quantities, currents, defined in general whether partons 
“exist" or not). 

From this point of view the partons would appear as an unnecessary 
scaffolding that was used in building our house of cards. 

On the other hand, the partons would have been a useful psychological 


guide as to what relations to expect - and if they continued to serve this 
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way to produce other valid expectations they would of course begin to become 
"real", possibly as real as any other theoretical structure invented to 
describe Nature. 

At any rate we shall see. It is good to have something to look forward 


to. 


Appendix A. The lsospin of Quark Fragmentatior 
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APPENDIX A 


The Isospin of Quark Fragmentation Products 


The discussion (Lecture 56) leading to the idea that additive 
quark quantum numbers could appear as mean total quantum numbers of 
products moving in one direction is surprising - especially when it is 
noted that what holds for 3-isospin holds also for any other component 
such as l-isospin or 2-isospin (although of course in practice they are 
nearly impossible to measure). It looks like an isospin 1/2 object 
could be represented by a group of isospin 1 objects (e.g. pions) - 
which at first seems impossible - except that we have an indefinite 
number of such objects. 

It is therefore of interest to make a very simple special mathe- 
matical model, to show that indeed such things can be done in principle. 

This is especially important when it is realized that our previous 
attempts at mathematical formulation cannot be complete and must be 
looked at as mere mnemonics (see note in Lecture 55 on the D and E 
operators). This little model may help by its example to lead to correct 
possible formal expressions of our ideas. 


In this model suppose quarks carry only isospin 1/2 and hadrons are 
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only pions of isospin 1 - made of quark antiquark pairs. 

Imagine that we start with some current annihilation (analogous to 
ete” but in more general isospin direction) initially disintegrating 
into a pair of quarks Quy Q% (a,8 are SU, indices fixed in this problem. 


Immediately after interaction: 


-P P 
C a a 
Q% Qa 


after Hamiltonian operates: N quark pairs in singlet state 


Qg Q & 9j F eee QQ. Q Q Qa 
eS EES ———— 
makes hadrons 
(pions) T T3 Ty 
of type LA 7, A 


Next the action of the Hamiltonian is to produce pairs of quarks 
in a singlet state uniformly spaced in y space - a typical one is CRON 
summed on all i equally. The number of such pairs N is then proportional 
to 2n2P which we take to be very large. (One could also assume the 
number distributed via Poisson with a mean N etc., but we avoid compli- 
cations which only serve to confuse our point - choose N fixed.) 

Next this row of quarks is assumed to convert to pions by a simple 
rule, each pion is formed by a pair adjacent in the y space. Thus (in 
figure) if the first new singlet pair had index i, the next j etc. the 
first 1 is formed from an antiquark index B and a quark, index i; - the 
next by an antiquark index i and a quark index j; - etc. 

To describe the isospin state of a 7 we use an isospin 3-vector v. 
Thus if the 7 is a neutral pion 1° we have V with only a z component, 


f= (0,0,1). For a Aa we have V = = (1,1,0) etc. The amplitude that an 
2 


antiquark of index y and a quark of index 6 form a 7 characterized by 
vector Ÿ is then proportional to the yé matrix element of the two- 
by-two matrix a-¥ where o are the Pauli matrices. Write this as <y|a-¥] 6>. 
(We work in relative amplitudes and probabilities leaving overall 
normalization to the end.) 

Thus the total amplitude to find the 1's in directions AAAA is 
Amp = > <p|o-¥, li> <ilo-¥, | 4> SILGA ENT oÑ la> , the sums on 

ijin 
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i, j etc., being because the newly found QQ pairs are in singlet states. 


This is of course 


amp (W,...9,) = <B|@-¥,)(0-0,)...(o-0,) a> (Al) 


Having the amplitude (in an SU, invariant form, of course) we can 
ask many questions. The relative probability of finding any configuration 


is the square 


pW@,...0) = Te bso tp CEART CEATA (o-¥y") ee CEA) (0 a, 


(A2) 


where p are 2x2 density matrices corresponding to the states, 


a’ Pg 
say pa = ato-A, eo, = bto-B. For state la>, p. = |a><a| ; for example if 


=. 
22 
a 
OS) 
+ 2 


ais 1/2 in z, |œ = (2) then Pa 7 l 0 

Thus in that case a = 1/2, A, = 1/2, A = 
spinning in the direction of a unit vector then A/a is that unit vector. 
The expected value of z isospin is evidently A /2a. 

Now suppose we observe the isospin character of only a limited 
number of pions, summing over the character of the rest. In fact we 
shall do two cases; summing over all to get the normalization of our 
probability, and summing over all but one, as if we studied products 
m number k + anything. In any case a sum over an unobserved 7 means a 
sum on V over 3 perpendicular values, symbolized bd (toed on (B.V) = 


V 
a). We need the formula 


>, (2-9*) (ata 8) ee) = ees (a3) 
Vv 


which is easily verified. 


Now find the normalization 2, P(V)«+-Viy)- On summing 
12° Vy 


over V is converted from bto‘Å to 3b-o-B by (A3). Next sum V3 and 


1- 
2 ł N N 
it is converted to 3 btu-B. Continue for N terms to 3 b+(-1) o-B whose 


trace with Py gives (suppose tr(1) = 1) 
= Nab + (-1)% RÈ) (A4) 
For large N this is almost exactly Mab and so we shall divide by 


this to get normalized probabilities. Thus the normalized probability 


that the cc pion is of type V, is 


k 
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1 > > > k 
PV = R > Tr feg(o-y)... 0-9)... oF, CE Vidz 
ab Vee Vy 


except Vk 


COAR 7) 


Now again we can sum over > u, up to ey converting Pe to alec t 
(o-B); and also sum in an analogous way first on Ý, then Tiat 


Tisi to convert Pa to Hea tks Thus the net is (scale tr(1) = 1) 


PW) = har {e (- =$) SAG (- a PAA] (as) 


from which any question about the one particle distribution function can 


etc. to 


now be answered. For example, sum over all possibilities for T and check 


normalization (for large N). 
+ 


The mean probability the yeh meson is nt is P” obtained by setting 


> 1 - > 1 
o-V = — (ø +io ) in (A5). For put o-V = — (o_-io ). Thus the 
Fz Cio) in (A5) P Trk) 
+ = 
mean isospin of the Mii hadron is a - Ey = a term like (A5) with 


> * 
RE replaced by TAG 4820, plus es Note first uing 
only the one coming from Pa this is 20, and hence gives A (- ay Bi/b, 


likewise the term in o-4 only contributes if o is in the z direction. 


We find 
pT pT [a2 A (A6) 
k ` k 3 3 3 3 
b a 
This result confirms all our expectations. First if k is in the middle 
+ - N/2 
of the plateau, of order N/2, not near either end, then P -Pa 4 


which is very small. Thus the plateau region has become neutral. 
+ - 

- P" can only avoid being small if either k is small (i.e. near 
the 8 end) or near N (i.e. near the a end). In the former case neglecting 


terms of order 3™ we have 


T T 2 t 
Pe TP -å (-3) 


if k is finite, near the 8 end, a result that depends only on ß, the 


k-1 B 
Z (A7) 
b 


quark at that end, and practically (as N + æ) not at all on the quark 
at the other end. (Evidently for k near N we have the exact opposite 


result.) 
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Finally the total z-isospin quantum number of all the pions to the 
left is 
+ - k-1 B B 
5 eT TEES) 2 az, De 
k k k 3 3 b 2 b 
k=1 
the z-component quantum number of the left-moving quark! The sum on k 
is to be taken from k = 1 to near N/2 to hold only the left movers, the 


/2 


contribution from the a-dependent term as only of order 8 » and the 
sum is of the same order; the same as if we summed the left term above 
to infinity, Obviously the result is insensitive to exactly where in 
the plateau we stop, it is only necessary that we stop the sum on k at 
some point far from either end. 


+ - o 


T +P 


k k k is zero, 


(One might further notice that P 
neglecting 3, for every k. This is a consequence of the fact that 
the quark has total isospin 1/2, and not higher. We leave to the reader 
to show that this generalizes to the real case and could in principle 
become a test of the total isospin character of the partons. That is 
Nig) + Ny) - NT) is zero for any z to the left if the left movers 


come from a single parton (of any kind or superposition) and if the 


isospin of partons is either zero or one-half.) 
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APPENDIX B 


A Test of Partons as Quarks 

Following J. D. Bjorken we note that the sum of neutrino and 
anti-neutrino cross-sections can be predicted fairly closely in terms 
of quantities already known. Since measurements of these total cross 
sections are the easiest test of quark quantum numbers, we give an 
analysis here. 

Let us measure all cross sections in units of Gs/2n where G is 
the Fermi constant and s the square of the center of mass energy. For 
nucleons, then, our unit is GEM/n where E is the laboratory energy. 

The total cross section of a neutrino with a spin 1/2 particle is 
2. With an antiparticle it is 2/3. Hence on a proton the cross section 


is 
1 


ial ete ; 
0 


the factor x coming because the cross section varies with s. For 
neutrons we replace d by u, etc., so the mean neutrino cross section of 


a nucleon is 
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1 
a= E (oP +0) a x(d +u +$ @ + W))dx. 


0 
the anti-neutrino cross section is 


5 =F (oP +0) = x(Āī+ū + = (4 + u))dx 


0 


Since d, u are positive, but undoubtedly less than d, u, we see that 


a/o must be substantially less than 1 but greater than 1/3. 


The sum is 


1 
= 4 = > 
oto TIEGEZ 
0 


However, integrating the sum of (31.3) and (31.4) we have 
1 1 1 


[rer seman df aoedear dared | x6 +0 


0 0 0 


Experimentally this integral is 0.31 so if we could forget the 
integral fraa we would have oto = $ . 2 (.31) = 0.74. But sts 
must surely be less than utu and dtd and, when weighed by x, surely 
much less. It would be hard to manage to make inclusion of the last 
term produce more than a 10% effect. Thus we have a very stringent 


test of our parton quark model: oto cannot exceed 0.74 and yet almost 


surely cannot fall below 0.74 by more than 10%. 


One can also calculate upper limits for oP + oP and o” 


separately (using other proportions of £°P and £°"); they are 0.64 


and 0.84 respectively. 


These numerical estimates must be revised by a few percent, for we 
have neglected sino.. They are valid only at asymptotic energy, of 


course, but T.D. Lee has pointed out that electron data indicates that 


this should only require a few GeV. 
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